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Abstract
The development of reconfigurable antennas is considered to be very promis-
ing in modern and future communication systems. Reconfigurable antennas
have made use of many reconfiguration techniques that are centred upon
switching mechanisms such as p-i-n diodes or MEMS. Other techniques such
as optical switches, mechanical structure changing or the ability to change
the permeability or permittivity of smart substrate materials have also been
used. Reconfigurable antennas have created new horizons for many types of
applications especially in Cognitive Radio, Multiple Input Multiple Output
Systems, personal communication systems, satellites and many other appli-
cations.
Cognitive Radio is one of the potential wireless applications that may
place severe demands on RF systems designers and particularly antenna
designers, when it comes to providing flexible radio front-ends capable of
achieving the set objectives of the technology. The aim of this work is to
investigate possible roles that different categories of reconfigurable antenna
can play in cognitive and smart radio. Hence, the research described in this
thesis focuses on investigating some novel methods to frequency-reconfigure
compact ultra-wideband antennas to work in different bands; this will offer
additional filtering to the radio front-end. In the ultra-wideband mode, the
antenna senses the spectrum for available bands with less congestion and
interference and hence decides on the most suitable part to be reconfigured
to, allowing reliable and efficient communication links between the radio
devices. Ultra-wideband antenna with reconfigurable integrated notch ca-
pability is also demonstrated to provide further enhancement to interference
rejection and improve the overall communication link. Furthermore, the de-
sign of novel pattern and polarisation reconfigurable antennas will be also
investigated to assist Cognitive Radio through spatial rather than frequency
means.
An ultimate target for this research is to combine different degrees of re-
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configuration into one compact, state of the art antenna design that meets
the growing demand of cognitive and smart radio devices for more intelli-
gent and multi-functional wireless devices within the personal area network
domains and beyond.
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1 Introduction
1.1 Background
Reconfigurable antennas are distinguished from their conventional counter-
parts by the fact that they can change their operation parameters (such
as frequency, patterns or polarisation) upon request or feedback from a
specific control mechanism. The reconfiguration is achieved through re-
distribution of the surface currents; this will result in changes in the antenna
impedance or radiation properties [1]. Reconfigurable antennas apply vari-
ous techniques and methods to achieve the required change in one or more
of its operation parameters. The most common technique is based on us-
ing switches such as p-i-n diodes, Gallium Arsenide Field Effect Transistors
(GaAs FETs) or Micro-ElectroMechanical System (MEMS) switches. Other
techniques include the use of optical switches or mechanical structure alter-
ation to achieve the necessary change in the antenna configuration and these
are promising methods to overcome the enormous biasing problems of the
electronic switches.
Reconfigurable antennas have recently received a substantial increase in
interests from both academic and industrial groups and establishments due
to their attractive characteristics in advanced and novel applications such
as Cognitive Radio (CR), Multiple Input Multiple Output (MIMO) Sys-
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tems, personal communication systems, satellites, military communications
and many other applications. Unlike current conventional communication
systems, future wireless communication systems (e.g., Cognitive Radio and
smart WLAN) will benefit most from flexible radio front-ends (flexibility
in terms of operation and performance parameters). Taking for example
the main motivation behind Cognitive Radio (CR) systems, some frequency
bands in the spectrum are heavily used while there are still some, at a spe-
cific geographical location or at a certain time, largely unoccupied. Hence
reconfigurable antennas will allow CR to change its operational frequency
according to spectrum availability and also user demands from link quality
and data rate prospective [2,3]. There are many approaches of how to deploy
these reconfigurable antennas in CR systems, one of these approaches is to
use an omnidirectional ultra-wideband antenna to sense the spectrum, while
another reconfigurable narrowband (either on the same board or adjacent
one) can be used for communication. Another approach can be achieved
through the use of ultra-wideband antenna that can be reconfigured into
multiple predefined narrow passbands and hence achieving both spectrum
sensing and communicating functionality within one element saving cost
and reducing complexity [4]. The later approach might have its drawbacks
in terms of power consumption and interference from the compact biasing
circuitry; however, it provides significant advantage for the compact one
unit CR device aimed for potential smart wireless applications.
The following sections will briefly introduce the main principles and mo-
tivations of Cognitive Radio and hence setting the scene for the antenna
element aspect of the overall proposed system detailed in this thesis.
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1.1.1 Definition of Cognitive Radio
The software defined radio (SDR) Forum and IEEE approved the definition
of a Cognitive Radio as follows:
• Radio in which communications systems are aware of their environ-
ment, and can make decisions about their radio operating behaviour
based on some information and predefined objectives. The environ-
mental information may or may not include location information re-
lated to communication systems [5].
• Cognitive Radio that uses SDR, adaptive radio and other technologies
to automatically adjust its behaviour to achieve desired objectives.
It is worth mentioning here the four most popular interpretations of Cogni-
tive Radio as follows [6]:
• Full CR: also called Mitola Radio, in which every possible parameter
observed by the radio is taken into account while the device is making
a decision on the way it operates.
• Spectrum sensing CR: in which radio frequency spectrum is the only
parameter that is observed and used in decision making.
• Licensed band CR: in which the device is capable of using licensed
spectrum in addition to unlicensed spectrum.
• Unlicensed band CR: in which the device is allowed to use license
exempt or free license spectrum only.
1.1.2 Evolution of Cognitive Radio
The spectrum measurement studies were conducted as early as 1995 to inves-
tigate the spectrum use. In 1999, Mitola had started the CR research [2]. In
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the United States, CR research focused on dynamic spectrum access (DSA)
and secondary use of spectrum. The XG-project funded by DARPA was
the most notable project in the spectrum management research. The suc-
cess of XG has driven further study in the field of CR technology. Several
researchers (such as Lessig, Reed, and Peha) have also boosted the research
by pointing out the flaws in the current use of the spectrum [7].
Many groups have emerged to work on standardising CR technology:
IEEE 802.22 and more recently ETSIs Reconfigurable Radio Systems Tech-
nical Committee on CRs and SDRs. Also, the SDR forum has studied some
CR-related issues. Recently, IEEE 802.22 is the the most advanced stan-
dardisation activity that aims to provide dynamic access to the new vacant
TV spectrum. In the United States, the FCC proposed to allow oppor-
tunistic access to TV bands in 2004 [8]. Prototype CRs operating in this
mode were presented to the FCC by many big industrial companies such as
Motorola and Microsoft in 2008 [9]. After some extensive tests, the FCC
adopted in November 2008 a second report to allow the operation of cogni-
tive devices in TVWS [10].
Furthermore, the UK regulatory body, Ofcom, was proposing to allow
licence exempt use of interleaved spectrum for cognitive devices [11]. On
23 September 2010, the FCC released the final rules for the cognitive use
of TV white spaces in the US [12]. This solution is based on database
architecture in which CR devices should have geo-location capabilities by
downloading tables from a database without performing additional sensing
before transmitting [13]. However the report mentions that while FCC are
eliminating the sensing requirement, they are encouraging further research
to improve sensing capabilities because they believe it might improve the
spectrum efficiency in the TV spectrum and will be an important tool for
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providing opportunistic access to other spectrum bands [13].
On 26 January 2011, the FCC opted for license of the spectrum geo-
location data base to multiple leading technology companies such as Google,
Telcordia, Neustar and Comsearch. So far, the details of the database ar-
chitecture are not complete [14].
1.1.3 Advantages of Cognitive Radio
• There is only a finite amount of the EM spectrum, yet there is a
tremendous increase of demand without any signs of stopping in the
near future. Cognitive Radio will allow efficient use of the spectrum
by dynamically allowing users from crowded frequency bands to use
adjacent free bands.
• Cognitive Radio will be many radios in one, allowing different services
that are currently available in separate devices [6].
• Cognitive Radio will always find the best performance and quality of
service (QoS) for the end user.
• Cognitive Radio will liberate the spectrum and allow spectrum trading
between service providers [6]. Moreover, Cognitive Radio will allow
service providers to improve their coverage and network capacity.
• Cognitive Radio will greatly benefit joint emergency operations (e.g.,
police, fire and ambulance services) during major emergency scenarios.
• Cognitive Radio will benefit military communications and increase the
reliability of military communication networks by dynamically allow-
ing friendly forces to be connected regardless of enemy interference
and jamming.
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1.2 Motivation and Research Challenges
The current research challenges that motivate this research and emphasise
the need for designing efficient, compact and cost-effective reconfigurable
antennas for Cognitive Radio and smart wireless applications can be sum-
marised as follows:
• The antenna requirements for Cognitive Radio communication or even
smart wireless systems are still not clear yet. It is almost true that
reconfigurable antennas will be used instead of conventional anten-
nas and it is more likely that a combined narrowband and wideband
antenna will be very useful in a Cognitive Radio system.
• Most of the reconfigurable antennas that have been demonstrated for
Cognitive Radio combine wideband and narrowband functionality but
those antennas are bulky and very complex; moreover, a significant
number of reconfigurable antennas that had been reported in the lit-
erature were only capable to switch between two or few bands and to
increase the number of reconfigured frequency bands, a new redesign
is required(e.g., increasing antenna size).
• The efficiency of reconfigurable antennas is not often characterised,
although the loss associated with the switching and biasing elements
is significant. Since the efficiency relates the incident and radiated
power of an antenna, the antenna efficiency should be an important
parameter to characterise the filtering performance of the antenna [15].
• Research in reconfigurable antennas for future wireless communica-
tion systems has centred primarily on frequency reconfiguration and
the applicability and possible benefits of applying new designs of po-
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larisation or pattern reconfigurable elements in future Cognitive Radio
devices have not yet been fully exploited.
• Antenna element designs that combine three possible multiple recon-
figuration categories (e.g., frequency, pattern and polarisation) have
not existed in the past literature, in spite of their importance in in-
creasing the flexibility and functionality and improving the perfor-
mance of future Cognitive Radio and smart wireless systems.
1.3 Organization of the Thesis
This thesis is organised in seven chapters as follows:
Chapter 2: This chapter discusses reconfigurable antennas characteris-
tics and investigates the types of reconfigurable antennas and the mechanism
of their reconfiguration. A brief comparison between different reconfigura-
tion techniques is presented. Besides, a review of a variety of previously
designed reconfigurable antennas is addressed with concentration on their
main drawbacks.
Chapter 3: This chapter introduces a novel frequency reconfigured ultra-
wideband circular disk monopole antenna for Cognitive Radio applications.
Reconfiguration is realised by connecting the main feedline of the antenna to
variable length stubs controllable by switches. Simulations are performed
to investigate the main characteristics of the antenna (e.g., return loss,
radiation patterns, gain and efficiency) before and after reconfiguration.
Three prototypes of this reconfigured antenna have been manufactured to
compare the measured and simulated results. In the first prototype the
switches were hard wired (e.g., using adhesive copper bridges to represent
a switch in the ON state and removing it in the OFF state). p-i-n diodes
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and GaAs transistors have been used in the second and third prototype,
respectively. Finally, using a similar technique, A compact ultra-wideband
TSA (Tapered Slot Antenna) was reconfigured to work in an ultra-wideband
mode and in different frequency bands and another mode of operation was
added (e.g., ultra-wideband mode with notched band operation), this can
increase the flexibility of the reconfigurable antenna which might lead to an
enhanced Cognitive Radio performance.
Chapter 4: This chapter demonstrates a novel compact ultra-wideband
microstrip monopole antenna with reconfigurable patterns capability. The
antenna’s radiation patterns can be shaped to concentrate energy in specific
directions while minimising the gain in other unwanted directions, without
significantly affecting the impedance bandwidth of the antenna. A fully
functional prototype has been developed and tested. The proposed antenna
could be a suitable candidate for advanced and smart radio applications such
as Cognitive Radio (CR) as it can enhance the radio front-end flexibility
and performance by adding the benefits of pattern diversity, specifically in
multipath environments.
Chapter 5: A novel compact ultra-wideband microstrip monopole an-
tenna with reconfigurable polarisation capability, that can be switched from
linear polarisation (LP) to right hand circularly polarisation (RHCP) or left
hand circular polarisation (LHCP) is presented and detailed in this chapter.
Moreover, the circular polarisation CP bandwidth (RHCP or LHCP) can be
changed at different frequency bands. In Cognitive Radio devices, polarisa-
tion reconfiguration, in addition to frequency and pattern reconfiguration,
is needed to improve the performance of Cognitive Radio systems.
Chapter 6: As no attempt has yet been reported to combine the main
three categories of reconfigurable antennas, namely frequency, pattern, po-
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larisation, in one single design. Thereby, in this chapter the author goes one
step further in the design of reconfigurable antennas, and presents a novel
flexible multi-operation reconfigurable antenna that meets the growing de-
mand of CR devices for more intelligent and multi-functional antennas.
Chapter 7: This chapter concludes the research that has been done in
this thesis and give suggestions for future investigations and work.
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2 Review of Reconfigurable
Antennas
2.1 Introduction
Current radio architectures are exploring the application of different types
of advanced antenna concepts to enhance performance and also to enable
the transition to more efficient radio front-ends with main processing em-
phasis shared with the radiating element leading to greener systems. For
the Cognitive Radio (CR) scanning and communication, special antennas
(reconfigurable antennas) should be used. Such elements may involve fre-
quency, pattern or polarisation reconfiguration and if needed the combina-
tion of one or more of these parameters. There are many approaches of how
to deploy frequency reconfigurable antennas in CR systems, one of these ap-
proaches is to use an omnidirectional ultra-wideband antenna to sense the
spectrum, while another reconfigurable narrowband antenna can be used
for communication. Another approach can be achieved by using an ultra-
wideband antenna that can be reconfigured into multiple predefined narrow
pass-bands and hence providing efficient use of the fabrication space and
confine the control mechanism to a specific board rather than a distributed
system leading to further losses. There are several techniques in which an-
tennas can be reconfigured such as switching in or out parts of the antenna
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structure or adjusting the loading or matching of the antenna externally
or even changing the antenna geometry by mechanical movements. MEMS
switches, p-i-n diodes and varactors have been widely used in antenna re-
configuration, but they are all different in terms of the loss they introduce,
control voltage, cost, linearity, reliability and power efficiency.
Generally speaking, in order to successfully integrate reconfigurable an-
tennas in future commercial or military CR systems, proper design and
optimisation of these new reconfigurable antennas should be investigated
and we should consider some important design issues such as high efficiency,
space constraints, low profile, high speed tuning and spurious free radiation.
2.2 Fundamentals of Antennas
An antenna is defined as a means for radiating or receiving electromagnetic
waves. To characterise an antenna, some key parameters such as return loss,
radiation patterns, directivity, gain and polarisation are usually defined as
follows:
• Return Loss and Bandwidth
Return loss is the ratio of the power incident on the antenna input
terminal to the power reflected from the antenna at a particular op-
erating frequency and it should be a positive quantity in dB.
RL = 10 log
Pin
Pr
(2.1)
where RL is the return loss in dB, Pin is the incident power at the
antenna input and Pr is the reflected power. The bandwidth of an
antenna refers to the range of frequencies, where the antenna return
41
loss has an acceptable value. The fractional bandwidth of antenna
can be calculated using (2.2) [16]
BW =
f2 − f1
f0
× 100% (2.2)
where f1 is the lower frequency, f2 is the higher frequency and f0 is
the centre frequency.
In a mobile handset, the criteria that usually defines the antenna’s
bandwidth is a return loss better than +6 dB over the frequencies of
operation. In most wireless communications, the antenna is required
to provide a return loss equal or better than +10 dB over its frequency
bandwidth.
• Radiation Patterns, Directivity and Gain
The radiation pattern depicts the radiation properties of the antenna
as a function of space coordinates and it is usually determined in
the far-field region [16]. Directivity D is a dimensionless quantity
defined as the ratio of the radiation intensity U in a given direction
to the radiation intensity averaged over all directions Uo as shown in
(2.3) [16].
D =
U
Uo
=
4piU
Pr
(2.3)
where Pr is the power radiated by the antenna.
The gain of an antenna is usually referenced to a standard antenna
(e.g., theoretical isotropic antenna or a dipole) and it is defined as
the ratio of power radiated by an antenna in a given direction, to the
power that would be radiated in the same direction by an isotropic
antenna when both antennas are driven by the same amount of power.
The antenna gain and directivity are related by the antenna efficiency
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which will be fully described in the next chapter.
• Polarisation
Polarisation is defined as the orientation of the plane in which the elec-
tric field oscillates for an electromagnetic wave. The polarisation of an
antenna in a given direction is the polarisation of the wave radiated
by the antenna. When the direction is not stated, the polarisation is
taken to be the polarisation in the direction of maximum gain [16].
Polarisation can be categorised as linear, circular and elliptical. Ellip-
tical polarised wave is the general case in which the tip of the electric
field vector (E) describes an ellipse along the propagation path. Two
special cases of elliptical polarisation are linear polarisation and cir-
cular polarisation. In a linearly polarised wave, at all the time the
electric field vector moves back and forth in the same plane. A lin-
early polarised wave is considered as horizontally/verticaly polarised
if the electric field is parallel/perpendicular to the earth. In a circular
polarised wave, the electric field vector remains constant in magni-
tude but rotates in a circular path perpendicular to the direction of
propagation. For right hand circular polarisation (RHCP) and left
hand circular polarisation (LHCP), the rotation of the electric field is
right-hand and left-hand, respectively.
2.3 Reconfigurable Antennas Characteristics
Since the rise of research interests and work in reconfigurable antennas in
the last decade, many reconfiguration techniques have been applied and
evaluated theoretically, numerically and experimentally. The most com-
mon techniques utilised are centred upon switching mechanisms. By using
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switches such as MEMS or p-i-n diodes with compatible antenna elements,
the main characteristics of antenna operation can be changed providing fre-
quency, pattern and polarisation reconfiguration. Other techniques such as
the incorporation of varactors, optical switches and physical structure al-
teration to overcome the adverse effects of using switches and their biasing
have also been deployed and investigated but each with its own pros and
cons.
2.3.1 Types of Reconfigurable Antennas
Reconfigurable antennas can be classified mainly in four categories:
• Frequency reconfigurable antennas.
Frequency reconfiguration is usually achieved by changing the operat-
ing frequency of an antenna while keeping the radiation characteristics
unchanged.
• Radiation pattern reconfigurable antennas.
Pattern reconfiguration is usually achieved by changing the shape of
the radiation patterns, gain or any aspect of the radiation behaviour
of an antenna while keeping the operating frequency unchanged.
• Polarisation reconfigurable antennas.
Polarisation reconfiguration is usually achieved by changing the polari-
sation of an antenna while keeping the operating frequency unchanged.
• Combinations of the above stated categories.
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2.3.2 Mechanisms for Reconfiguration
Antenna designers have made use of many reconfiguration techniques and
the most common techniques are based on switching mechanisms such as
p-i-n diodes [17–19], FET switches [20] and RF MEMS switches [21]. Other
techniques such as the incorporation of varactors [22], optical switches [23],
physical structure alteration [24], and changing substrate permittivity [25]
or permeability [26], have been used to overcome problems faced when us-
ing electronic switches and biasing lines. The effects of biasing lines on
reconfigurable antennas was studied in [27] and an analysis of techniques to
minimise the biasing lines effects has also been studied in [28].
2.3.3 Linearity in Switching Devices
Non-linear devices in RF systems can be a major source of distortion and in-
terference. Reconfigurable antennas can be adversely affected by the amount
of distortion introduced by the non linearities of the switching devices.
When a signal, x(t) = A cos(ωt), is passed through a non-linear system,
the output signal can be presented by the following series:
y(t) =
∞∑
i=0
Bi A
i cosi(ωt) (2.4)
The third-order output term (e.g., i = 3) can be written as:
B3 A
3 cos3(ωt) =
3
4
B3 A
3 cos(ωt) +
1
4
B3 A
3 cos(3ωt) (2.5)
It should be noticed that the third order term has a negative coefficient
B3 and a cubic dependence on the magnitude of the input signal and that
is the reason for gain compression when the input power to a non linear
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system is increased [29]. In a similar way, when two tones with frequencies
f1 and f2 are in the passband of a non linear system, they will generate
third-order terms, with cubic dependence on the input signal magnitude,
located at 2f2− f1 and 2f1− f2 and these terms will cause intermodulation
distortion [29].
The non-linear relation between the varactor’s input reverse voltage and
its capacitance gives rise to intermodulation distortion [30]. Conductivity
modulation of the charge within the intrinsic regions of the p-i-n diodes in
the ON state [31] and the capacitance modulation in the OFF state make
p-i-n diodes non-linear devices [32].
FET switches can also generate some distortion because of the non-linear
characteristics between the drain-source current (Ids) and the drain-source
voltage (Vds). Improving FET switches linearity has been studied in [33] and
the authors in [34] have demonstrated an FET switch which exhibits low
distortion characteristics, where the third-order intercept point of 41 dBm
is achieved.
MEMs switches have very high linearity characteristics. The metal to
metal physical contact in MEMs is a very linear contact for a contact re-
sistance of 1 − 2 Ω [35]. Typical MEMs switches have an input third in-
termodulation products larger than 65 dBm [36]. The linearity response
of photoconductive silicon switches has also been studied in [37] where a
third-order intercept point of 63 dBm is achieved.
The authors in [38] have studied the non linearity effects of varactor diodes
used in reconfiguring a printed Yagi-Uda dipole antenna. They have con-
cluded that a varactor diode with a higher power rating and larger tuning
range is required if their designed antenna is to be used for long range cog-
nitive radio communications. Moreover, they concluded that reconfigurable
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antennas which use switching devices should have non linearity specifica-
tions placed on them. The author in [39] has also studied the effects of var-
actor non linearities in frequency-reconfigurable patch antenna and found
that it suffers from gain compression and non reciprocity relationship, as
the transmitting antenna must handle higher power levels than the receiving
antenna.
2.3.4 Reliability of Switching Devices
Reliability of a device indicates the the probability of a device to perform
its function satisfactorily under a specified environmental condition for a
predetermined period of operating time [40]. p-i-n diodes, varactors and
FET switches are reliable solid state devices [41]. MEMs switches are lack-
ing reliability due to the mechanical failure of moving parts [23]. Most
MEMS devices have components (e.g., membrane or cantilever) that are
prone to common failure mechanisms (e.g., fatigue or stiction) [42]. Vari-
ous approaches to improve MEMs reliability have been recently published
in [35,42,43] and the research on this topic is still ongoing.
Table 2.1 gives a brief discussion about the pros and cons of some of the
switch technologies that can be used in reconfigurable antennas.
2.4 Review of Previously Designed Reconfigurable
Antennas
In this section, a comprehensive review of some of the reconfigurable anten-
nas found in the open literature are presented and they are grouped based
on the four categories mentioned in Section 2.3.1.
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2.4.1 Frequency Reconfigurable Antennas
In the open literature, a large number of frequency reconfigurable anten-
nas that can switch between two or more narrowband operations. These
antennas have enormous applications in RF systems where multiple func-
tions and operations are the main objectives. A reconfigurable tri-band
H-shaped antenna with frequency selectivity feature for compact wireless
communication systems is proposed in [45] as shown in Figure 2.1. A var-
actor diode connecting the upper and lower arms of the H-shape radiator
is used for frequency reconfigurability. The antenna can work in three fre-
quency modes: 1) single band at 1.88 GHz, 2) dual band at 1.88 and 2.4
GHz, and 3) a tri band at 1.57, 1.88 and 2.4 GHz. A compact printed multi
band antenna suitable for reconfigurable wireless communication systems is
presented in [46] as shown in Figure 2.2. By adding four varactors to the
design, it becomes a reconfigurable design, enabling the bands to be electri-
cally and independently tuned over wide ranges. A reconfigurable wideband
and multiband C-Slot patch antenna with dual-patch elements is proposed
and studied in [19] as shown in Figure 2.3. Two p-i-n diode switches are
used to switch ON and OFF two patch elements to operate the antenna in
two different dual-band modes or a wideband mode.
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Figure 2.1: Reconfigurable antenna geometry and prototype in[45].
Figure 2.2: Reconfigurable antenna geometry in[46].
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Figure 2.3: Reconfigurable antenna geometry and prototype in[19].
For CR scanning and communication, three types of frequency reconfig-
urable antennas operation can be deployed as follows :
(a) Ultra-wideband to narrowband using separate excitation ports
One of the approaches to deploy reconfigurable antennas in CR RF
front-ends is to use an ultra-wideband antenna for sensing the spec-
trum and another reconfigurable narrow band antenna for communi-
cation purpose, thereby we have two different ports for the antenna.
Some of the designs from this type of reconfigurable antennas are
shown in Figures 2.4, 2.5 and 2.6 [47–49]. The structure in [47]
is a novel combination of wideband and narrowband antenna into the
same volume. The wideband antenna is a CPW fed printed hour-glass
shaped monopole which operates from 3 to 11 GHz. The narrowband
antenna is a microstrip patch printed on the reverse side of the sub-
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Figure 2.4: Reconfigurable antenna geometry in[47].
Figure 2.5: Reconfigurable antenna geometry and prototype in[48].
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Figure 2.6: Reconfigurable antenna geometry in [49].
strate, and connected to the wideband antenna via a shorting pin and
designed to operate from 5.15 to 5.35 GHz. This design can be suit-
able for Cognitive Radio applications where a wideband antenna is
required for spectrum sensing and a narrowband antenna for oper-
ation which can be tuned over a wide bandwidth using an external
tuning circuit. The ultra-wideband and WLAN bands were chosen
to demonstrate the integration principle. Although this antenna is
compact in size, it still has some drawbacks and the major drawback
comes from the two antenna ports and the isolation between them,
is degrading the whole performance due to the coupling between the
wideband and narrowband antenna. The antenna also works in a sin-
gle narrow band (4.9–5.35 GHz) and therefore to work in additional
narrow bands some external tuning circuits are required.
The antenna in [48] has two antennas on the same board. One of them
is an egg-shaped patch sensing antenna. The design of the patch,
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the partial ground plane and the feed matching section guarantee an
ultra-wideband response for the sensing antenna. The second antenna
is the communicating antenna and it is a microstrip line connected to
a 50 Ω feed line via a matching section. This structure has multiple
resonances in the 3.1 to 10.6 GHz ultra-wideband frequency range.
Switches are incorporated along the antenna. By controlling these
switches, the length of the antenna is changed, thus leading to vari-
ous resonance frequencies. Additional switches can be used to obtain
more resonances. The major drawback of this antenna is the isolation
issue between the two antenna ports, this limited isolation degrades
the whole performance due to the coupling between the wideband
and narrowband antenna. Moreover, to obtain more resonances, the
antenna has to be increased in size.
The antenna in [49] has an elliptical disc monopole as an ultra-wideband
radiator, covering the band from 3 to 11 GHz, and a another reconfig-
urable narrow slot antenna is used for communicating in the operating
range of 5–6 GHz. The narrowband antenna is incorporated into the
resonator disc without degrading the sensing antenna performance.
This is due to the strategical location of the narrowband slot antenna
being chosen where the current distribution on the elliptical radiator
is very small.
(b) Ultra-wideband to narrow band using same excitation port
Another approach to deploy frequency reconfigurable antenna in Cog-
nitive Radio is to use one antenna for both sensing and communication
by reconfiguring an ultra-wideband antenna to work into multiple pre-
defined frequency bands. Figures 2.7, 2.8 and 2.9 show some designs
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Figure 2.7: Reconfigurable antenna structure in [50].a) Radiating Patch,
b)Ground Plane, c) Complete Antenna.
that use this approach. The antenna in [50] shows the ability to
switch between a narrow and ultra-wide impedance bandwidth, this
is achieved by simply removing part of the ground plane from beneath
the patch to obtain a wideband radiation. When all three switches
are closed, the two ground planes are connected together electrically.
The combined structure operates as a narrowband patch radiator and
when all three switches are open the antenna is in the ultra-wideband
mode of operation (3.7 to 11 GHz). The drawback of this antenna is
the difficulty of tuning the antenna by changing the size of the patch
ground plane. The structure in [51] is a novel vivaldi antenna with
added switched band functionality to operate in a wideband or narrow-
band mode. The antenna reconfiguration is realised by inserting four
pairs of switchable ring slots into the ground plane of the structure.
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Figure 2.8: Reconfigurable antenna prototype in [51].
Figure 2.9: Reconfigurable antenna prototype in [52].
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A wide bandwidth mode from 1.0 to 3.2 GHz and three narrowband
modes can be selected. A fully functional prototype with p-i-n diodes
switches has been developed. The drawbacks of this antenna are its
size and complexity. The whole size of the antenna is 14.5 cm×14 cm,
and there is large number of passive elements (26 surface mount induc-
tors and capacitors, and almost 16 active elements). The antenna can
be reconfigured into three narrowband regions and one of these bands
(the narrow mid-band mode )has not achieved better than 10 dB re-
turn loss. Moreover, a redesign is needed to achieve more sub bands
(e.g., a longer version of the antenna). The antenna in [52] is differ-
ent from [51] as the reconfiguration process relies not on switching
between different resonator positions but on varying the resonators
electrical length, this antenna has seven modes of operations(e.g., one
ultra-wideband + six narrow bands)
(c) Ultra-wideband with notch band reconfiguration
Another type of reconfigurable antennas that targeted the CR opera-
tion is the ultra-wideband antennas with reconfigurable band notch.
Several designs of ultra-wideband antenna with band rejection char-
acteristics have been successfully implemented. One of these antennas
is shown in Figure 2.10. In this antenna [53], a U-shaped slot is placed
within the monopole and a MEMS switch is used to short the resonant
slot when the band rejection (5.2–6 GHz) is not required. Another an-
tenna exhibiting a very wide bandwidth with reconfigurable rejection
within the band is presented in [15], the antenna, as shown in Fig-
ure 2.11, is a bow-tie antenna operating from 1.5 to 5 GHz with slot
etched along the bow-tie upper edge. p-i-n diodes are used as switch-
ing elements to short the slot at variable distances from the antenna
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Figure 2.10: Reconfigurable antenna geometry in [53].
symmetry axis and thus obtaining different rejection bands. In [54], a
vivaldi antenna having the capability of dynamically rejecting inter-
ferers was presented, only half of the vivaldi is used and placed over
a ground plane as shown in Figure 2.12. The rejection filter has two
microstrip resonators and two varactor diodes coupled to the slot of
the vivaldi antenna. In [55], the authors have proposed a vivaldi an-
tenna integrated with a microstrip line resonator with tunable band
notches, the wide tuning range is obtained by using three varactors
and up to seventeen tunable stop-bands can be obtained.
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Figure 2.11: General topology of the reconfigurable slot bow-tie antenna.
(a) antenna topology. (b) Right side of the reconfigurable
antenna [15].
Figure 2.12: Halved Vivaldi with reconfigurable band rejection [54].
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Figure 2.13: Vivaldi with reconfigurable band rejection [55].
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2.4.2 Pattern Reconfigurable Antennas
In addition to frequency reconfigurable structures, there have been extensive
research work and investigations about reconfiguration of radiation char-
acteristics of antenna elements. Three of these narrowband antennas are
shown in Figures 2.14, 2.15 and 2.16. In [56], the proposed antenna oper-
ates over DCS 1800 and PCS 1900 and consists of a dipole-loaded loop and
a director. By using two p-i-n diodes switches, the proposed antenna can
switch between two different beam directions with no input impedance vari-
ation. In [57], an antenna working at 2.3 GHz, is pattern reconfigured by
using three p-i-n diode switches. This antenna can operate as a monopole
antenna with an omnidirectional pattern or a dipole antenna with a reflector
to obtain directional radiation patterns. In [58], a compact antenna con-
sisting of a U-slot patch and eight shorting posts is presented. The antenna
center frequency is 5.32 GHz and each edge of the square patch is con-
nected to two shorting posts using two p-i-n diodes. The proposed antenna
radiation patterns can be switched between three different patterns in the
same frequency band. The three different radiation patterns are broadside
pattern, conical pattern with maximum power in ZY plane and finally a
conical pattern with maximum power level in the ZX plane.
Few published designs have discussed pattern reconfiguration of wide-
band and ultra-wideband antennas. In [59], a slotted bow-tie antenna with
wideband pattern reconfigurability over 60 % bandwidth is designed. The
antenna is fairly complex as it has a switchable feed network (from coplanar
waveguide to slot line transition) using four p-i-n diodes with an associated
complex dc bias network as shown in Figure 2.17. In [60], the same prin-
ciple of reconfiguration as [59] is used but with only two p-i-n diodes. The
antenna biasing is still complex and the fabrication of the antenna involves
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Figure 2.14: Reconfigurable antenna geometry in [56].
several via holes that increase the total fabrication cost and complexity as
shown in Figure 2.18. In [61], a wideband pattern-reconfigurable antenna
that changes operation from a vivaldi shaped slot mode to a monopole
mode, providing three different radiation patterns over a 50.4 % bandwidth
is discussed and analysed and shown in Figure 2.19. However, there is no
implementation of real switches and it is believed that the dc biasing design
of the switches would be complex.
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Figure 2.15: Reconfigurable antenna geometry in [57].
Figure 2.16: Reconfigurable antenna geometry in [58].
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Figure 2.17: 3-D view of the pattern-reconfigurable wideband antenna in
[59].
Figure 2.18: 3-D view of the pattern-reconfigurable wideband antenna in
[60].
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Figure 2.19: Geometry and prototype of the pattern-reconfigurable wide-
band antenna in [61].
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Figure 2.20: Reconfigurable antenna geometry in [62].
2.4.3 Polarisation Reconfigurable Antennas
In the open literature, many reconfigurable antennas with polarisation diver-
sity between linear and circular polarisation or between LHCP and RHCP
have been discussed. Three of these polarisation-reconfigurable antennas
are shown in Figures 2.20, 2.21 and 2.22. In [62], a two port antenna op-
erating at 3.82 GHz and consists of an octagonal patch that is by means
of RF-MEMS switches capable of reconfiguring its polarisation from ver-
tical/horizontal to slant ±45◦. The drawback of this antenna lies in the
complexity of the design, especially the feeding structure and the biasing
network.
In [63], a microstrip patch with two truncated corners operating at 5.8
GHz can switch its polarisation from LHCP to RHCP using two piezo-
electric transducer (PET) controlled perturbers, the choice for these kind of
switches is due to their simple dc biasing circuit. In [64], a single fed circular
microstrip antenna operating at 2.45 GHz with polarisation reconfigurable
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Figure 2.21: Reconfigurable antenna geometry in [63].
Figure 2.22: Reconfigurable antenna geometry in [64].
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capability from linear polarisation (LP) to right hand circular polarisation
(RHCP) or left hand circular polarisation (LHCP) is presented. Recon-
figurability is achieved by inserting an arc-shaped slot at the top of the
patch and controlling the shorting of this slot using two p-i-n diodes. The
impedance matching has to be maintained by applying three stubs to the
antenna feedline controlled by another three p-i-n diodes.
2.4.4 Combination of Different Reconfigurable Antennas
It might be possible to combine different categories of reconfigurable anten-
nas in one single design, this flexibility will improve the performance of the
antenna when deployed in nowadays fast changing different communication
systems. Four of these antennas are shown in Figures 2.23–2.26.
In [65] a reconfigurable microstrip antenna with combined radiation pat-
tern selectivity and polarisation diversity is presented. The antenna consists
of four rectangular patches printed on one substrate, a feed network made by
three Wilkinson power divider printed on another substrate and the ground
plane is sandwiched between the two substrates. There are twelve ideal
switches allowing reconfiguring the antenna to work in a conical radiation
patterns with linear polarisation or broadside radiation with circular polar-
isation (CP) with a 3 dB axial-ratio fractional bandwidth of 14%.
In [66] a reconfigurable antenna with frequency and polarisation agility
is presented, the antenna can be switched by means of p-i-n diodes between
vertical, horizontal and 45◦ slant polarisation. Moreover, by using varactor
diodes, the operating frequency of each polarisation can be independently
reconfigured between 1.35–2.25 GHZ for the horizontal or vertical polarisa-
tion and from 1.35–1.9 GHz for the slant 45◦ polarisation. In [23] a frequency
and pattern reconfigurable dipole antenna using photoconducting switches
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Figure 2.23: Reconfigurable antenna geometry in [65].
is presented. Two silicon switches are placed on small gaps in both dipole
arms equidistant from the centre feed. When the antenna is frequency re-
configured, a frequency shift of nearly 40% (from 2.26 GHz to 3.15 GHz)
is achieved. Moreover, when the antenna is pattern reconfigured, the direc-
tion of maximum gain shifts by 19◦ and there is also a much larger shift
of about 50◦ in the E-plane pattern nulls. In [67], a novel reconfigurable
microstrip antenna capable of frequency and pattern reconfiguration using
five photoconductive switches is also proposed. The antenna can operate at
three distinct frequency bands and at each frequency, the E-plane patterns
can be reconfigured to five modes.
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Figure 2.24: Reconfigurable antenna geometry in [66].
Figure 2.25: Reconfigurable antenna prototype in [23].
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Figure 2.26: Reconfigurable antenna geometry in [67].
2.5 Summary and Analysis
• From the previously discussed reconfigurable antennas we notice that
p-i-n diodes are easy to use as reconfiguration elements, this is because
they are biased by low voltage but they are limited in terms of band-
width of operation and they require large dc biasing currents to reduce
their insertion losses. On the other hand the use of RF MEMs pro-
vides high bandwidth, less losses and high efficiency but they require
a high +/- voltage to turn them on and they are lacking reliability.
Currently no publications are available in the open literature that use
GaAs FET switches to reconfigure ultra-wideband antennas.
• The use of varactors is considered to be a good reconfiguration method
especially when we are tuning the antenna’s operation frequency or
tuning the rejection notch bands, however many issues appear in terms
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of achieving voltage variations in biasing varactors and the difficulty
in finding a varactor with significant capacitance range and on top of
that, they are highly non linear devices that introduce many unwanted
harmonics.
• Physical alterations of an antenna structure such as rotating or bend-
ing of one or more of the parts of the antenna eliminates the bias-
ing problems, but they are generally difficult and designers are still
looking for an easy way to implement mechanical reconfiguration. An-
other technique that reduces biasing problems is using optical switches
which requires no dc biasing lines, but they are not easy to integrate
in portable wireless devices.
• Although many reconfigurable antenna designs have targeted polari-
sation and pattern reconfiguration, applying these design in Cognitive
Radio and exploiting their full potential in future smart wireless appli-
cations is still not clear. Some researchers and engineers in the field of
reconfigurable antennas are looking for new techniques that achieve
low losses; while others are trying to optimize and improve the ex-
isting methods. In general, the main goal is to reach a compromise
between enhanced performance and increased system complexity. In
the following chapters, novel and simple reconfiguration techniques
are presented to reduce the size, cost, complexity and losses that are
present in current designs.
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3 Frequency Reconfigurable
Ultra-wideband Antennas
3.1 Introduction
One of the approaches to deploy reconfigurable antennas in Cognitive Radio
devices is to use the same antenna for both sensing and communication
by reconfiguring the ultra-wideband sensing antenna to communicate into
multiple predefined frequency bands. In this chapter, some novel designs
for frequency-reconfigurable ultra-wideband antennas which can be used
in Cognitive Radio and smart wireless applications will be presented. The
operation principles of configuration are explained alongside with numerical
and experimental investigations and analysis of the main characteristics of
the designed antennas.
3.2 Antenna Design
Several different types of antennas have been designed for ultra-wideband
applications. Among these designs, the planar circular disc monopole an-
tenna features very simple structure, good return loss characteristics over
wide operating bandwidth, satisfactory radiation properties and most im-
portantly ease of fabrication and also integration with printed circuit boards
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Figure 3.1: Geometry of the reconfigurable ultra-wideband disk monopole
antenna.
[68]. The proposed ultra-wideband reconfigurable circular disk monopole
antenna is based on the design presented in [68] in which there is no fre-
quency reconfiguration. The geometry of the proposed reconfigurable ultra-
wideband disk monopole antenna is illustrated in Figure 3.1.
The antenna has a circular disc monopole with a radius of 10 mm, 50 Ω
microstrip feedline and stubs of different lengths are printed on the same
side of an FR-4 dielectric substrate with a thickness of 1.5 mm and relative
permittivity of 4.7. L = 50 mm and W = 42 mm denote the length and the
width of the dielectric substrate, respectively. The widths of the microstrip
feedline and the microstrip stubs are fixed at W ′ = 2.6 mm to achieve 50 Ω
impedance [16]. The width of the triangular stub end is W ′′ = 6.5 mm.
On the backside of the substrate, the conducting ground plane has a length
of only L′ = 20 mm. Switches (b, b′) connect stub 0 to the microstrip
feedline. Switches (c, d, e, c′, d′, e′) control the length of stub 1 while switches
(f, g, h, f ′, g′, h′) control the length of stub 2. The height of the feed gap
between the feed point and the ground plane is fixed at 0.33 mm.
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A prototype antenna was fabricated to verify the performance. Figure
3.2 shows the proposed prototype antenna. The 14 RF switches used in this
prototype are realised as metal pads with dimensions 2 mm × 2.6 mm. In
a practical design, RF switches can be realised by means of either commer-
cial p-i-n diodes or MEMs technology. A reconfigurable matching network
employing stub tuners was designed to support multiple narrowband fre-
quency ranges. Having 14 switches allows many reconfigurable cases but in
this study the author investigates reconfiguration at:
• 2.4 GHz (ISM Band).
• 5 GHz (Wi-Fi Band).
• Dual band 2.4 GHz + 5 GHz.
• WiMAX band (3.2–4.2 GHz).
• (4.2–5.4 GHz) which is used for military fixed and mobile communi-
cation systems or in the Wi-Fi (Band–A).
• (6.5–7.5 GHz) which can be used by some fixed mobile and satellite
applications.
3.3 Principle of Operation
The complete design and analysis for the conventional ultra-wideband circu-
lar disk monopole were proposed in [68], in which it has been demonstrated
that the ultra-wideband operation is mainly due to overlapping of closely
distributed modes of the disk monopole. The input impedance of the cir-
cular disk ultra-wideband antenna is shown in Figure 3.3. To demonstrate
the principle of operation, reconfiguration at 2.4 GHz is described in this
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Figure 3.2: Prototype of the reconfigurable ultra-wideband disk monopole
antenna.
section. The same principle applies for the other reconfigured bands. Fig-
ure 3.4 shows the input impedance for the ultra-wideband antenna when
it is reconfigured to work at 2.4 GHz. It is quite clear from the zoomed
inset that the resistance of the antenna at 2.4 GHz is almost 50 Ω and the
reactance is nearly 0 Ω, indicating good impedance matching, also it can be
observed that the antenna is not matched at out-of-band frequencies.
The principle of reconfiguration relies on connecting open circuit stubs to
the antenna main feedline and by changing the length of the stubs, which act
as resonator filters, the antenna can be reconfigured to different frequency
bands. One could argue that the proposed concept is similar to connect-
ing a tunable filter to an ultra-wideband antenna. However, the proposed
filtering stubs are placed on the same substrate of the non-reconfigurable
antenna in [68] without increasing the overall size of the proposed recon-
figurable antenna. Moreover, the ultra-wideband antenna needs a ground
plane to operate properly, so using this available space to build the filter
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Figure 3.3: Simulated impedance curves for the ultra-wideband antenna.
Figure 3.4: Simulated impedance curves for the ultra-wideband antenna
reconfigured at 2.4 GHz.
adds reconfigurability without increasing the system footprint. Figure 3.5
shows the feedline of the antenna connected to stub 2 when switches f, f ′
are ON and the structure is simulated as a planar filter in CST Microwave
Studio [69]. Figure 3.6 shows the forward transmission characteristics of
the filter (e.g., return loss (RL) and insertion loss (IL)). The filter acts like
a Low-Pass Filter (LPF) and when the response of this filter is cascaded
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Figure 3.5: Proposed filter when switches f, f ′ are ON.
Figure 3.6: Scattering parameters of the filter when switches f, f ′ are ON.
with the ultra-wideband antenna, the antenna impedance bandwidth will
be reconfigured to work at 2.4 GHz.
3.4 Numerical and Experimental Analysis
3.4.1 Ultra-wideband Operation
When all switches are OFF, the antenna functions as an ultra-wideband
radiator (3.1–10.6 GHz) as regulated by FCC [70]; however, this frequency
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Figure 3.7: Simulated (dotted red line) and measured (solid blue line)
return loss curves when all switches are OFF (e.g., ultra-
wideband case).
range can be adjusted based on geographical locations and also applica-
tions. In this case the antenna is used to scan the whole ultra-wideband
spectrum to check for any spectrum holes. Figure 3.7 shows the simulated
and measured return loss curves for the ultra-wideband antenna when all
stubs are disconnected from the antenna feedline. The simulated 10-dB re-
turn loss bandwidth is from 2.4–12 GHz and the measured 10-dB return
loss bandwidth is from 2.8 to 10 GHz. The differences between simulated
and measured values are mainly due to fabrication tolerances.
3.4.2 Reconfigurable Bands
Figure 3.8 shows the simulated and measured return loss curves of the re-
configured antenna in different bands.
a) Band I: 2.4 GHz.
To configure the antenna to work at 2.4 GHz switches (f, f ′) are ON
so there is a pair of 50 Ω open circuit stubs connected in parallel to
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the ultra-wideband antenna feedline. The length of each stub is 4 mm
and it is 6.3 mm away from the SMA input port of the ultra-wideband
microstrip feedline.
b) Band II: 3.3 to 4.4 GHz.
For operation between 3.3 and 4.4 GHz, switches (f ′, f, g, h) are ON.
The length of the stub is 24.6 mm and it is 6.3 mm away from the
SMA input port of the ultra-wideband microstrip feedline.
c) Band III: 4.1 to 5.4 GHz.
For antenna reconfiguration to achieve operation between 4.1 and 5.4
GHz, switches (b, b′) are ON, so there are two open circuit stubs, with
triangular ends, connected to the ultra-wideband antenna feedline.
The length of the stub is 14.7 mm and it is 15.5 mm away from the
SMA edge input port of the ultra-wideband microstrip feedline. The
triangular end of the stub has slightly increased the bandwidth of the
antenna and in future designs, one could stick with normal rectangular
stubs to save space on the board.
d) Band IV: 5 GHz.
To configure the antenna to work at 5 GHz, switches (b, b′, c, c′, d, d′, f,
f ′, g, g′, h, h′) are ON.
e) Dual band : 2.4 and 5 GHz.
The antenna design in Fig. 3.1 provides also dual-band operation at
2.4 GHz and 5 GHz simultaneously, for this case switches (f, f ′, g)
are ON. The length of the whole stub is 17.6 mm and it is 6.3 mm
away from the SMA edge input port of the ultra-wideband microstrip
feedline.
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f) Band V : 6.5 to 7.5 GHz.
To configure the antenna to work between 6.5 and 7.5 GHz, switches
(c, c′, d, d′) are ON. The length of the whole stub is 28.6 mm and it
is 10.3 mm away from the SMA input port of the ultra-wideband
microstrip feedline. The shift in frequency between measured and
simulated results is due to the antenna fabrication tolerances.
3.4.3 Radiation Patterns and Gain
The radiation patterns have been simulated and also measured inside an
anechoic chamber. The measured and the simulated normalised radiation
patterns at 2.4 GHz in Band I, 3.3 GHz in Band II, 4.4 GHz in Band
III, 5 GHz in Band IV and 7 GHz in Band V are plotted in Figure 3.9.
Moreover, Figures 3.10 and 3.11 depict the simulated 3-D patterns of the
reconfigured antenna at different frequency bands. It is noticed that the H-
plane patterns are omnidirectional and they are very close to those obtained
in the simulations. The simulated E-plane pattern is a doughnut shape like
a traditional monopole. There are some distortions on the measured curves,
these ripples are caused by the feed connector and the coaxial cable used in
the measurement and every effort has been taken to minimise the effect of
these artefacts on measurement quality.
The realised gain was measured using the gain-transfer method [71]. In
this method, the antenna under test (AUT) gain is measured by comparing
it to the gain of a standard gain horn (SGH). This method is performed by
illuminating the AUT by a plane wave and the received power is measured.
The AUT is then replaced with the SGH, and the received power is measured
again. The simplified schematic diagram of this method is shown in Figure
3.12. The realised gain of the AUT can be calculated from (3.1) as follows
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Figure 3.10: Simulated 3D realised gain when the antenna is configured
at 2.4 GHz in Band I.
Figure 3.11: Simulated 3D realised gain when the antenna is configured
at 3.3 GHz in Band II.
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Figure 3.12: Schematic diagram of the gain transfer method.
Realised Gain (dBi)
Ultra-wideband Mode Reconfigurable Modes
Frequency(GHz) Simulated Measured Simulated Measured
2.4 in Band I 1.6 1.25 1.75 2.2
3.3 in Band II 2.7 2.5 2.75 2.6
4.2 in Band II 2.2 2.1 2.6 2.5
4.4 in Band III 2.0 2.5 2.2 2.7
5.0 in Band IV 2.1 2.5 2.17 3.0
7.0 in Band V 4.1 4.4 4.09 4.6
Table 3.1: Simulated and measured realised gain of the ultra-wideband
mode and the reconfigurable modes
G(AUT ) = G(SGH) + Pr(AUT ) − Pr(SGH) (3.1)
where G(AUT ) is the realised gain of the test antenna in dBi, G(SGH) is the
gain of the standard gain horn in dBi, Pr(AUT ) is the power received with the
test antenna in dBm and Pr(SGH) is that power received with the standard
gain horn in dBm. Table 3.1 summarises a comparison of the realised gain
between the ultra-wideband case and the reconfigured cases. Due to better
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matching, the reconfigured cases show slight increase in peak realised gain
compared to the ultra-wideband modes at the same frequencies.
3.4.4 Surface Current
The circular disk monopole is capable of supporting multiple resonance
modes, these higher order modes are the harmonics of the first resonant
frequency [68]. Since these higher order modes are closely spaced, the over-
lapping of these resonant modes leads to the ultra-wideband characteris-
tics. The simulated current distributions of the ultra-wideband circular disk
monopole antenna are presented in Figure 3.13. Figure 3.13(a) and 3.13(b)
show the average surface current at 2.4 GHz and 6 GHz, respectively. The
current distribution at 6 GHz is also shown in Figure 3.13(b). The current
is distributed along the edge of the circular disk and at low frequencies the
antenna is operating in an oscillating mode (standing wave). However, at
high frequencies the antenna starts to operate in a hybrid mode of standing
and travelling wave [68].
The simulated current distributions when the ultra-wideband antenna is
reconfigured to work in Band I at 2.4 GHz are presented in Figure 3.14.
Figure 3.14(a) shows the average surface current at 2.4 GHz which is the
reconfiguration frequency. Figure 3.14(b) presents the current distribution
near 6 GHz which is an out-of-band frequency. It is interesting to see the
effect of the stubs on the surface current at different frequencies. At 6 GHz
(an out-of-band frequency) the stubs are perturbing the surface current and
the current is significantly reduced along the radiating edges of the disk so
there will be reduced radiation.
The simulated current distributions of the reconfigured ultra-wideband in
Band V at 7 GHz are presented in Figure 3.15. Figure 3.15(a) shows the
86
Figure 3.13: Simulated current distribution of the ultra-wideband antenna
at (a) 2.4 GHz, b) 6 GHz.
Figure 3.14: Simulated current distribution of the 2.4 GHz reconfigured
ultra-wideband antenna in Band I at (a) 2.4 GHz, (b) 6 GHz.
average surface current at 3 GHz which is an out-of-band frequency. Figure
3.15(b) presents the current distribution near 7 GHz which is the recon-
figuration frequency. It is interesting to see the effect of the stubs on the
surface current at different frequencies. At 3 GHz the stubs are perturb-
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Figure 3.15: Simulated current distribution on the 7 GHz reconfigured
ultra-wideband antenna in Band V at (a) 3 GHz, (b) 7 GHz.
ing the surface current and the current is significantly reduced along the
radiating edges of the disk.
3.5 Reconfigurable Antenna Efficiency
Radiation efficiency is an important characteristic of antennas that deter-
mines the percentage of the accepted energy the antenna will radiate and
hence has impact on the power consumption and the overall system perfor-
mance in wireless communications. Radiation efficiency, ηr, is the fraction
of the accepted power that ends up as radiated power [72]. Radiation effi-
ciency is usually the limiting factor in the antenna performance and it can
have a great effect on the overall system performance. There are several
methods to measure antenna efficiency. The most accurate method is called
the pattern integration method. In this method, radiation patterns are in-
tegrated over a spherical surface that completely encloses the antenna, and
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this is done in the far-field region. This method requires good calibration
of the anechoic chamber to achieve high accuracy. It is also often very time
consuming, especially when the antenna has complicated radiation patterns
or polarisation [73].
There are other methods that require less measurement and computation
efforts and at the same time they provide accurate results. One of those
methods is the resistance comparison method which uses two identical an-
tennas except that they are made from two different metals, with slightly
different conductivities. Measurement of the two antennas input resistance
values is performed and the efficiency of either antenna is obtained accord-
ing to [74] and the main drawback of this technique is the need of an extra
antenna. Another technique is called the Q-Factor method [74]. It is the
fastest and easiest method for this kind of measurement. The measured
Q-factor is compared to the theoretical Q value of the antenna, and then
the efficiency is computed. Theoretically, it is very difficult to compute the
Q for an ideal lossless antenna, especially when the antenna structure is
complicated.
A method that is less complex to apply to use is called the Wheeler Cap
method, which was introduced by H. A. Wheeler in 1959 for measuring
the radiation efficiency of small antennas [75]. Many papers adapted this
method with some variations of the technique such as using different size
and shapes of the cavity cap for different types of antennas [76,77].
3.5.1 The Wheeler Cap Method
The radiation efficiency ηr of an antenna is the ratio of the total power
radiated to the power accepted at the antenna terminal and can be written
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as:
ηr =
Pr
Pacc
=
Pr
Pr + Pl
=
Rr
Rr +Rl
(3.2)
where Pr is the radiated power, Pacc is the power accepted by the antenna
and Pl is the power lost in the antenna due to ohmic and dielectric losses. For
simple antennas, the input resistance can be described with two resistances
in series, Rr and Rl, which represent the radiation resistance and the loss
resistance, respectively. The sum of Rr and Rl equals the real value part
of input impedance of the antenna which can be easily measured, and then
it should be determined how the input resistance separates into radiation
resistance and loss resistance [73].
Wheeler has enclosed the antenna with a conductive cavity sphere of
radius λ2pi to eliminate the radiation resistance Rr from the input impedance.
Now, the real part of the input impedance of the antenna when enclosed
by the hollow sphere is equal to the loss resistance Rl. The hollow metallic
sphere of radius λ2pi is called the radiansphere. The conducting cap should
eliminate the antenna radiation while causing no disturbance to the near
field. The size, shape, or electrical conductivity of the cap are not critical
[74]. The Wheeler cap method is easy to implement in the lab, and it
requires only two measurements: the S11 with and without the cap in place.
The radiation efficiency can be written in the following form:
ηr = 1− 1− |S
W
11 |2
1− |Sf11|2
× |1− S
f
11|2
|1− SW11 |2
(3.3)
Where Sf11 is the reflection coefficient of the antenna in free space, and S
W
11
is the reflection coefficient performed with the wheeler cap in place [73].
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Figure 3.16: Power fractions inside the wideband Wheeler cap.
3.5.2 Applying The Wheeler Cap Method to Wideband
Antennas
The conventional Wheeler Cap method assumes that the antenna can be
modelled as a series or parallel RLC circuit. Moreover, it is assumed that
the antenna input resistance can be modelled as a series of two resistances
(Rr +Rl). Also, it is very difficult and impractical to apply this method to
wideband antennas because the cap size depends on the operating frequency
and different cap size must be used at each frequency of interest.
There exists a method for evaluating the radiation efficiency of ultra-
wideband antennas by using larger caps to perform the measurements [78].
For a cap radius larger than the radiansphere, the antenna will radiate freely
and then receives its own transmitted-reflected signal . For a wideband an-
tenna, the Wheeler cap should be larger than λ2pi at the low frequency end
of the band of interest [73]. This wideband Wheeler cap method assumes
that reflections occur inside the cap and can be represented by power frac-
tions [73]. The analysis of power fractions is shown in Figure 3.16. When
a signal is incident on the input port of an antenna, a fraction of its power
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is reflected ρ = PrPin = |Sf11|2 due to impedance mismatch and the remain-
ing fraction (1− ρ) will be radiated with radiation efficiency ηr. When the
antenna receives back the signal reflected from the Wheeler cap; it is ab-
sorbed by the antenna with an efficiency ηr and an impedance mismatch
(1− ρ) at the port. However, due to the mismatch at the port, part of the
received signal is retransmitted with fraction of ρ × ηr. This re-radiated
portion is then reflected back to the antenna and now the return loss of the
ultra-wideband antenna inside the Wheeler cap becomes [73]:
|SW11 |2 = ρ+(1−ρ)2η2r +ρ(1−ρ)2η4r +ρ2(1−ρ)2η6r +ρ3(1−ρ)2η8r + .... (3.4)
|SW11 |2 = ρ+ (1− ρ)2η2r
∞∑
i=0
(ρη2r )
i (3.5)
The summation in the second term of (3.5) is replaced by its power series
equivalent so (3.5) can be written as:
|SW11 |2 = ρ+ (1− ρ)2η2r
1
1− ρη2r
(3.6)
Solving (3.6) for ηr and substituting for ρ = |Sf11|2 yields the following equa-
tion for radiation efficiency in terms of scattering parameters Sf11 and S
W
11 .
ηr =
√√√√ |SW11 |2 − |Sf11|2
1− 2|Sf11|2 + |Sf11|2|SW11 |2
(3.7)
Usually we are interested in the total efficiency by including the impedance
mismatch factor (1 − ρ). This contribution can easily be included by mul-
tiplying the radiation efficiency of (3.6) by the mismatch factor. The total
efficiency ηt can then be computed using the following equation:
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ηt = (1− ρ)ηr = (1− |Sf11|2)
√√√√ |SW11 |2 − |Sf11|2
1− 2|Sf11|2 + |Sf11|2|SW11 |2
(3.8)
3.5.3 Measurement Results of Frequency Reconfigurable
Ultra-wideband Antenna Efficiency Using the
Wideband Wheeler Cap Method
Figure 3.17: Antenna radiation efficiency measurement setup using a
cylindrical wideband Wheeler cap probed by an Agilent
N5230C PNA-L network analyser (the cap is completely
closed when taking measurements).
The experimental set-up used to measure the previously proposed ultra-
wideband antenna efficiency is shown in Figure 3.17. Since the dimensions of
the ultra-wideband antenna are 50 mm×42 mm and at the lowest frequency
of operation (e.g., 2.4 GHz), the minimum distance the antenna should be
away from the wheeler cap walls is d = λ2pi =
c
2pif =
3×108
2pi×2.4×109 = 19.9 mm.
The Wheeler cap used is a cylindrical cap with a radius of 8 cm and the
height of the cylinder is 12.5 cm. If the antenna under test is placed in
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Figure 3.18: Measured total efficiency ηt when the antenna is working in
the ultra-wideband mode and when configured in Band I at
2.4 GHz and Band II 3.3–4.4 GHz
the centre of the cylinder, we guarantee that the cap is larger than the
radiansphere at 2.4 GHz. There are two measurements to make: one set
of the ultra-wideband antenna return loss in free space and one when the
antenna is enclosed in the Wheeler cap. In order to suppress cylindrical
cavity resonance, the return loss measured when the antenna is enclosed
in the cap is smoothed. Now both Sf11 and S
W
11 are known and the total
efficiency ηt is evaluated using (3.8).
The measured total efficiency ηt curves when the antenna is working in
the ultra-wideband mode and when configured in Band I and Band II are
shown in Figure 3.18. Table 3.2 shows a comparison between the simulated
and measured values of the total efficiency ηt for both the ultra-wideband
disk monopole and the reconfigured monopole. The differences between the
simulated and measured results can be attributed to the measurement cable
and connectors and the fabrication tolerances. It can also be noticed from
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Ultra-wideband Mode Reconfigurable Modes
S M S M
F(GHz) S11(dB) ηt(%) S11(dB) ηt(%) S11(dB) ηt(%) S11(dB) ηt(%)
2.4 in Band I -9.5 81 -6 58 -23 90 -14 78
3.3 in Band II -28 91 -22 61 -22 88 -23 76
4.2 in Band II -14 86 -12 50 -18 87 -20 75
4.4 in Band III -13 86 -17 52 -19 83 -23 66
5.0 in Band IV -11 77 -17 48 -17 78 -23 68
Table 3.2: Comparison between the simulated and measured values of the
antenna total efficiency ηt, S denotes simulated results and M
is for the measured results
Table 3.2 that when the antenna was reconfigured from the ultra-wideband
mode to work into multiple narrowband sections, the impedance matching
was better and the total efficiency has improved by (15%− 20%) compared
to the ultra-wideband case.
3.6 Applying p-i-n Diode Switches to
Reconfigurable Antennas
All the previous measurements were performed using ideal switches (e.g.,
using copper tape to resemble a switch in the ON state and removing the
piece of copper tape to resemble an OFF state switch). For this part of
the work, p-i-n diodes will replace the ideal switches applied previously to
investigate practical implementation aspects and issues. The p-i-n diodes
used are (BAR64-03W) from Infineon [79]. These diodes are rated up to
6 GHz and they are cost-effective in comparison to many other switching
elements. When they are forward biased they have low ON resistance (<
1 Ω), and when reverse biased the OFF capacitance is approximately 0.17 pF
as shown in Figure 3.19.
The antenna which was previously working in Band-I was re-simulated
with its dc bias lines simulated as microstrip lines and using lumped passive
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elements (R = 4.3 KΩ, L = 220 nH) as RF chokes. The microstrip dc bias
lines on the antenna board should have very high RF impedance; hence they
have to be very thin traces. Usually 0.1 mm is the thinnest feasible trace
width in the commercial PCB industry. The fabrication facilities used for
this research (Antennas Measurement Laboratory at Queen Mary University
of London) can manufacture boards with a minimum microstrip trace width
of 0.3 mm, this leads to a 130 Ω impedance on 1.5 mm FR-4 board. From
Figure 3.20, it is shown that when using dc bias lines alone (e.g., without
RF chokes), the dc lines acted as stubs and changed the return loss of the
antenna. When those dc lines where RF choked using sufficient values of
inductance and resistance, the antenna was resonating at 2.4 GHz. Figure
3.21 shows the average current distribution on the antenna at 2.4 GHz and
Figure 3.22 depicts the 3D farfield radiation pattern at 2.4 GHz. When
the dc lines are not properly biased the antenna is not radiating at 2.4
GHz as shown in Figure 3.21(a) and Figure 3.22(a). When insufficient
values of resistance and inductance are used to RF choke the dc lines (e.g.,
R = 100 Ω, L = 5 nH), the antenna can still resonate at 2.4 GHz, but at
the same time, RF will leak through the dc lines and this will affect the
antenna surface current, radiation and gain as shown in Figure 3.21(b) and
Figure 3.22(b). When using large values for inductance or resistance (e.g.,
R = 4.3 KΩ, L = 220 nH) the antenna is resonating and radiating well at
2.4 GHz as illustrated in Figure 3.21(c) and Figure 3.22(c).
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Figure 3.19: p-i-n diode BAR64 − 03W equivalent circuit when it is: (a)
forward biased, (b) reverse biased.
Figure 3.20: Simulated return loss for the reconfigured ultra-wideband
antenna at 2.4 GHz when the dc bias lines are not RF choked
(blue dashed line) and when the dc lines lines are RF choked
using lumped elements (e.g., R = 4.3 KΩ, L = 220 nH)(solid
red line). The simulated return loss curve with no biasing
lines is identical to the case when using lumped elements as
RF chokes.
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Figure 3.21: Simulated current distribution on the 2.4 GHz reconfigured
ultra-wideband antennas: (a) dc lines without chokes, (b)
dc lines with small passive elements values (R = 100 Ω, L =
5 nH), and (c) dc lines with big passive element values(R =
4.3 KΩ, L = 220 nH).
Figure 3.22: Simulated 3D realised gain patterns of the 2.4 GHz recon-
figured ultra-wideband antenna: (a) dc lines without chokes,
(b) dc lines with small passive element values (R = 100 Ω, L =
5 nH) , and (c) dc lines with big passive element values(R =
4.3 KΩ, L = 220 nH).
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Figure 3.23: The fabricated frequency reconfigurable antenna with p-i-n
diode switches.
Figure 3.24: Simulated and measured return loss of the 2.4 GHz reconfig-
ured antenna when the p-i-n diodes are reversed biased.
Figure 3.23 illustrates the use of p-i-n diodes with proper dc biasing in
a fabricated prototype. The dc bias lines are properly RF choked using
resistances (R = 4.3 kΩ) and inductors (L = 220 nH). Figure 3.24 depicts
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Figure 3.25: Simulated and measured return loss of the 2.4 GHz reconfig-
ured antenna when the p-i-n diodes are forward biased.
the simulated and measured return loss of the ultra-wideband antenna when
the p-i-n diodes are reverse biased. The antenna should be working in the
ultra-wideband mode but due to the switches capacitance in the OFF state,
the isolation will be degraded when the frequency increases and the ultra-
wideband operation is limited. To increase the isolation, two p-i-n diodes
can easily be cascaded in series but this will increase the insertion loss of
the switch. The difference between the simulated and measured results here
is due to the measurement cable and connectors, the fabrication tolerances
and the diodes parasitics.
Figure 3.25 shows a comparison between the measured and simulated re-
turn loss curves of the antenna when configured at 2.4 GHz and the p-i-n
diodes are forward biased. The measured and simulated values agree below
6 GHz. However, there is a slight de-tuning in frequency operation caused
by the inductive loading. To reduce the complexity of the dc biasing, only
one inductor can be used for each dc line. It is worth mentioning here that
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inductors with big values should be used since the inductor impedance is
ZL = (j× 2pi× f ×L) Ω, so if inductor value of 5 nH is used, this will have
an impedance of 75 Ω at 2.4 GHz, which is not sufficient to choke the RF
signal leaking to the dc bias lines.
Dc biasing for the active elements in reconfigurable antennas is a very
challenging task. To be properly designed, planer broadband RF chokes
using multi-section quarter wavelength lines should be designed, but to
reduce the size of the design, the use of passive inductors is satisfactory
and the degradation in performance is not significant to cause the move
for more complex designs. Most off-the-shelf inductors with large values
cannot always work at high frequencies, this is because the limitation of
self-resonance frequency of the inductor (SRF). For choke applications, the
SRF is the frequency that provides the best signal blocking. Fortunately,
there are some companies that manufacture high value inductors with a
very high impedance up to 40 GHz [80]. Printed inductor and capacitor
resonators can replace traditional quarter-wavelength chokes as illustrated
in [81]or by using dumbbell DGS structures [82,83]. High-resistance dc lines
have been investigated in [84] in which the lines are made of aluminium zinc
oxide (AZO). The measured resistance of these dc line is around 200 KΩ.
This causes any leaked RF currents to attenuate quickly.
3.7 GaAs FET Switches for Frequency
Reconfigurable Antennas
The use of ideal switches (e.g., putting metal copper bridge to resemble
an ON switch state and removing it for the OFF case) is not practical
and it does not take into account the degradation of the switches on the
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performance of the antenna. Moreover, from the previous section it was
noticed that p-i-n diodes as switches act as current control resistances and
they require large amount of dc power to achieve lower insertion loss [79,
85]. Moreover, the isolation specifications are difficult to meet and p-i-n
diodes require complex biasing networks; this will definitely degrade the
antenna electromagnetic characteristics. MEMS RF switches provide near
zero power consumption with very high isolation and very low insertion
loss, they are extremely linear, but they require a voltage up converter chip
(30–90V) if it is going to be used in a portable communication system. The
reliability of MEMS switches is still lower than other types of switches. The
assembly and wire bonding of RF MEMS switches on PCB boards are still
not easy processes and the cost of the switches themselves is high; however,
their performance surpasses their cost if the application they are applied
to requires high performance in comparison to cost-effectiveness. In this
section GaAs FET switches are going to be used in frequency-reconfigure
ultra-wideband antenna monopole. GaAs switches have the following useful
characteristics:
• Low insertion loss.
• Low power consumption.
• They are small in size.
• Very good switching speed performance in the nanoseconds range.
• The total cost of the switches and their assembly is reasonably low.
• The simplicity of implementation and the small number of external
components are so advantageous to keep the interaction between the
switches and the antenna to the minimum.
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Figure 3.26: Geometry of the proposed reconfigurable ultra-wideband an-
tenna design using GaAs FET switches; (a) Top view, (b)
Bottom view.
3.7.1 Integrating GaAs FET Switches in the Antenna
Design
The proposed reconfigurable ultra-wideband monopole antenna shown in
Figure 3.26 is also based one the design in [68]. A circular disc with a
radius of 12.5 mm, a 50 Ω microstrip feed line and 4 stubs (a, b, a′, b′) with
widths of 0.75 mm are printed on one side of the dielectric substrate (the
FR-4 substrate used has a thickness of 1.52 mm and r=4.3). The length
and the width of the dielectric substrate are both 50 mm. The width of the
microstrip feed line is fixed at W ′ = 2.9 mm to achieve 50 Ω impedance.
The length of stubs (a, a′) is fixed at 1.4 mm while stubs (b, b′) length is
11.25 mm. Two SPDT GaAs FET switches (SKY13298-360LF) [86] are
used to connect and disconnect a combination of the four stubs to the main
microstrip feedline. Each switch is biased with two dc lines, the thickness of
the line is 0.1 mm and each line is decoupled with a capacitor (C = 33 pF ).
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Figure 3.27: Prototype of the ultra-wideband reconfigured antenna using
GaAs FET switches.
Each capacitor is also connected to the ground through a via. In the ON
state, the drive voltage of the switch is 3.3 V and the current consumption
is around 5 µA. On the backside of the substrate, the conducting partial
ground plane has a length L′ = 20mm. The height of the feed gap between
the feed point and the ground plane is fixed at g = 0.33 mm. A prototype
antenna was fabricated to verify the performance. Figure 3.27 shows the
proposed prototype antenna. Having two switches and a combination of
four stubs gives many reconfigurable cases but in this chapter the author
investigates reconfiguration at 3 frequency sub bands: Band I: 2.1–2.6 GHz,
Band II: 3.6–4.6 GHz, and Band III; which has a dual band operation(e.g.,
Band: IIIa (2.8–3.4 GHz) and IIIb (4.9–5.8 GHz)).
3.7.2 Simulation and Experimental Results
• Return Loss
The CST Design Studio offers circuit simulation tools that allows cal-
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Figure 3.28: Simulated (solid red lines) and measured (dashed blue lines)
return loss curves when the antenna is in the ultra-wideband
mode.
culated results from 3D EM simulations of the antenna to be used
along with the S−parameters files of the FET switches [69]. The sim-
ulated and measured return loss curves for the ultra-wideband mode
and for different configuration modes are shown in Figure 3.28 and
Figure 3.29, respectively. When all switches are OFF, the antenna is
functioning as ultra-wideband antenna and in this case the antenna
is used to scan the whole ultra-wideband spectrum to check for any
spectrum holes. Band I is achieved when stubs (a, a′) are connected to
the main feedline. Band II is achieved when stubs (b, b′) are connected
to the feedline, while Band III is realised when connecting stubs (a′, b)
to the main microstrip feedline.
• Radiation patterns, Realised Gain and Total Efficiency
The radiation patterns have been simulated and also measured inside
an anechoic chamber. The measured and simulated normalised radi-
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Figure 3.29: Simulated (solid lines) and measured (dashed lines) return
loss curves when the antenna is reconfigured at: I) 2.1–2.6
GHz, II) 3.6–4.6 GHz, III) 2.8–3.4 GHz and 4.9–5.8 GHz.
ation patterns at 2.4, 4.2, 3.3 and 5.4 GHz are plotted in Figure 3.30
and Figure 3.31. The simulated and measured results match very well.
The measured H-plane patterns are almost omnidirectional and they
are close to those obtained in the simulation. The simulated E-plane
pattern is a doughnut shape like a traditional monopole but at high
frequencies the patterns become more directional and the back lobes
become smaller. This is because the partial ground is getting electri-
cally bigger compared to the wavelength. There are some distortions
on the measured curves; these ripples are caused by the feed connec-
tor, the coaxial cable and the dc biasing cables that are attached to
the biasing microstrip lines on the antenna board.
Table 3.3 shows the simulated and measured realised peak gain and the
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Figure 3.30: Simulated (solid red line) and measured (dotted blue line)
normalised E-plane (Y-Z) and H-plane (X-Z) radiation pat-
terns, when antenna is configured at: (a) 2.4 GHz in band I
(b) 4.2 GHz in band II
Realised Gain (dBi) ηt(%)
Frequency(GHz) Simulated Measured Simulated Measured
2.4 2.2 1.8 90 72
4.2 2.7 2.2 91 80
3.3 2.3 2.0 88 77
5.0 3.9 3.6 89 78
Table 3.3: Simulated and measured realised gain and total efficiency for
the GaAs FET reconfigured ultra-wideband antenna in the
ultra-wideband mode.
simulated and measured total efficiency of the ultra-wideband case.
Table 3.4 and Table 3.5 show the simulated and measured realised
peak gain and the simulated and measured total efficiency of the re-
configured antenna at different reconfiguration frequencies in the three
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Figure 3.31: Simulated (solid red line) and measured (dotted blue line)
normalised E-plane (Y-Z) and H-plane (X-Z) radiation pat-
terns, when antenna is configured at: (c) 3.3 GHz in Band
IIIa (d) 5.4 GHz in band IIIb.
Realised Gain (dBi)
Frequency(GHz) Simulated Measured
2.4 in Band I 2.5 2.2
4.2 in Band II 3.3 3.0
3.3 in Band IIIa 3.0 2.7
5.0 in Band IIIb 4.6 4.4
Table 3.4: Simulated and measured realised gain for the GaAs FET re-
configured ultra-wideband antenna.
operating bands. Generally, the reconfigured cases showed an increase
in peak gain compared to the gain of the ultra-wideband antenna at
the same frequencies. In addition, there is no severe degradation in
the total efficiency compared to the ultra-wideband antenna efficiency.
108
ηt(%)
Frequency(GHz) Simulated Measured
2.4 in Band I 86 70
4.2 in Band II 90 77
3.3 in Band IIIa 87 73
5.0 in Band IIIb 84 75
Table 3.5: Simulated and measured total efficiency for the GaAs FET
reconfigured ultra-wideband antenna.
3.8 Frequency Reconfiguration of Compact
Co-planar Waveguide Fed (CPW-fed) Tapered
Ultra-Wideband Antenna
In the previous sections the author discussed how to frequency-reconfigure
monopole disk antenna. However, for current small and portable devices
that have very limited mounting space, it is preferable to use compact an-
tennas, thereby in this section, the frequency-reconfiguration of a compact
CPW-fed ultra-wideband Tapered Slot Antenna (TSA) [87] is investigated.
The antenna reconfiguration operation principle relies on two mechanisms;
in the first mechanism a resonator parasitic microstrip line electrically cou-
pled to the TSA antenna is used to notch the TSA at a specific frequency
and the second mechanism relies on changing the input impedance match-
ing of the antenna by means of changing the length of a stub line extended
from an additional small partial ground on the back side of the antenna.
3.8.1 Antenna Design and Operation
Figure 3.32 shows the geometry of the proposed reconfigured ultra-wideband
TSA antenna. The proposed antenna substrate is a Taconic (TLC-30) board
with a thickness of 1.52 mm, dielectric constant of 3 and loss tangent
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Figure 3.32: Geometry of the reconfigured Tapered Slot antenna (a) Top
view, (b) Bottom view.
of 0.003. The width of the antenna is 16 mm and the length of the an-
tenna is 27 mm. On the back side of the substrate, a small partial ground
(12 mm × 1 mm) is printed and there is a stub connected to this ground
by switch 1. By changing the length of the stub we can change the in-
put impedance matching of the antenna to work in predefined frequency
bands. The length of the ground stub is determined from circuit analysis
using Agilent Advanced Design System (ADS) [88]. When the stub length
is 8.4 mm, the operation frequency is between 3–4 GHz. When the stub
length increases to 17.5 mm and both switches 1 and 2 are ON, the fre-
quency band of operation will change to 4.5–5.5 GHz. When the ground
stub is not connected to the partial ground (e.g., switch 1 is OFF and switch
2 is ON), the stub will act as a parasitic element electrically coupled to the
TSA antenna. The length of the parasitic resonator determines the notch
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Operating Mode
Switch number Ultra-wideband Notched Ultra-wideband Band I Band II
1 OFF OFF ON ON
2 OFF ON OFF ON
Table 3.6: Operating modes of reconfigured ultra-wideband TSA antenna.
Figure 3.33: Antenna Prototype; (a) Top view, (b) Bottom view.
frequency and if we want to notch the upper band of WLAN at 5.8 GHZ
the length of the resonator should be 15 mm which is equal to λg/2 where
λg is the guided wavelength at 5.8 GHz.
Full ultra-wideband operation without any notches can be achieved by
suppressing the resonance coupling of the parasitic element (e.g., the total
length of the parasitic resonator is changed when switch 2 is OFF), conse-
quently, it cannot support the resonating currents and no notch occurs at
5.8 GHz. The operation modes of the antenna for different switch states are
summarised in Table 3.6. A prototype antenna was fabricated to verify the
performance. Figure 3.33 shows the proposed prototype antenna. The RF
switches used in this prototype are realised as metal pads with dimensions
2 mm× 2 mm.
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Figure 3.34: Simulated (dashed lines) and measured (solid lines) return
loss curves when antenna is in ultra-wideband mode and in
the notched ultra-wideband mode.
3.8.2 Simulation and Measurement Results
• Return Loss
Figure 3.34 shows the simulated results for the return loss of the an-
tenna when it is in the ultra-wideband mode and when it is notched
around 5.8 GHz. Figure 3.35 depicts the simulated return loss when
the antenna is configured to work in Band I and Band II. In general, a
good agreement between simulated and measured notched frequency
has been achieved. Small frequency shift of 200 MHz (≈ 3.4%) be-
tween the simulated and measured results has occurred; this can be
accounted for by fabrication and material tolerances.
• Surface current
Figure 3.36(a) and Figure 3.36(b) show the surface current distribu-
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Figure 3.35: Simulated (dashed lines) and measured (solid lines) return
loss curves when antenna is reconfigured in Band I: 3–4 GHz
and Band II: 4.5–5.5 GHz.
Figure 3.36: Simulated current distribution of the notched ultra-wideband
antenna at (a) 5 GHz (normal operation frequency) and (b)
5.8 GHz (notched frequency).
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tions for the notched ultra-wideband antenna at (5 GHz) in the pass-
band and at the stop-band (5.8 GHz), respectively. At the stop band,
the surface currents are condensed around the parasitic resonator and
a strong coupling occurs (the direction of current flow on the resonator
is opposite to the flow of the current on the nearby slots edges). Even-
tually the surface current is largely reduced along the edges of the two
slots and no radiation occurs, while in the pass band frequency (5
GHz) the current flows smoothly on the edges of the slots without
any perturbation by the resonator and the radiation is as normal.
Figure 3.37(a) shows the surface current distributions for the ultra-
wideband antenna when it is operating in Band I at (3.4 GHz) in
the pass-band and Figure 3.37(b) shows the surface current distribu-
tions for the ultra-wideband antenna when it is operating in in the
same band but at 5 GHz which is an out of band frequency. Fig-
ure 3.37(c) shows the surface current distributions for the reconfig-
ured ultra-wideband antenna when it is operating in Band II at (3.4
GHz) which is an out-of-band frequency and Figure 3.37(d) shows
the surface current when the antenna is configured in Band II at (5
GHz) which is in the pass-band. At the out-of-band frequency, the
stub which is connected to the partial ground will change the input
impedance of the antenna and the surface current will be more domi-
nant around the stub while the surface current along the slots of the
antenna is reduced. The effect of the stubs on matching the input
impedance of the antenna can also be highlighted from Figure 3.38
which depicts the input impedance of the ultra-wideband antenna
when it is reconfigured to work in Band I. For the ultra-wideband
operation, the antenna input resistance (Ri) should be around 50 Ω
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Figure 3.37: Simulated current distribution of the reconfigured ultra-
wideband antenna in Band I: (a) 3.4 GHz, (b) 5 GHz, and
Band II: (c) 3.4 GHz, (d) 5 GHz.
and the input reactance (Xi) should be close to 0 Ω for the whole
operating bandwidth, while after reconfiguring the antenna to work
into Band I, Ri is close to 50 Ω and Xi is around 0 Ω only at frequen-
cies within the operating bandwidth (e.g., 3.4 GHz) and their values
largely deviates from the nominal values outside the pass-band.
• Radiation Patterns, Gain and Efficiency
The simulated and measured normalised radiation patterns at 3.4 GHz
and 5 GHz for the ultra-wideband mode operation are plotted in Fig-
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Figure 3.38: Simulated input impedance curves for the ultra-wideband
antenna and when the antenna is configured to operate in
Band I.
ure 3.39(a) and Figure 3.39(b), respectively. The simulated and mea-
sured normalised radiation patterns when the antenna is configured
in Band I at 3.4 and in Band II at 5 GHz are plotted in Figure 3.40(a)
and Figure 3.40(b), respectively. The H-plane patterns are omnidi-
rectional and the E-plane patterns look like that of a dipole. The
measured results agree with the simulated ones. There are some dis-
tortions on the measured curves, these ripples are caused by the feed
connector and the coaxial cable used in the measurement. It is worth
mentioning here that the radiation patterns did not change when the
antenna was reconfigured from the ultra-wideband operation to the re-
configured cases. Table 3.7 summarises a comparison of the simulated
and measured realised peak gain between the ultra-wideband case,
the notched ultra-wideband and the two reconfigured cases. At 5.8
GHz (notch frequency) the ultra-wideband notched antenna showed
116
Figure 3.39: Simulated (dotted blue line) and measured (solid red line)
normalised E-plane (Y Z) and H-plane (XZ) radiation pat-
terns, when antenna is in the ultra-wideband mode, (a) 3.4
GHz (b) 5 GHz.
reduced broadside gain compared to the ultra-wideband case and the
reconfigured cases show slight increase in peak gain for pass-band fre-
quencies compared to the ultra-wideband case.
Figure 3.41 depicts the simulated values of the total efficiency, when
the antenna is operating in the ultra-wideband mode, the notched
ultra-wideband mode and when the antenna is configured to work
in Band I and Band II. Table 3.8 shows the measured total effi-
ciency when the antenna is operating in the ultra-wideband mode, the
notched ultra-wideband mode and when the antenna is configured to
work in Band I and Band II. The measured values agree with the sim-
ulated ones and the differences between the simulated and measured
results can be attributed to the measurement cable and connectors
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Figure 3.40: Simulated (dotted blue line) and measured (solid red line)
normalised E-plane (Y Z) and H-plane (XZ) radiation pat-
terns, when the antenna is configured at: (a) 3.4 GHz in
Band I (b) 5 GHz in Band II.
and the fabrication tolerances. From Figure 3.41 and Table 3.8 it can
be noticed how poor the total efficiency gets at the notch frequency
in the ultra-wideband notched case or at out-of-band frequencies close
to the operating pass-band of Band I and Band II.
UWB Notched UWB Band I Band II
Frequency(GHz) S M S M S M S M
3.4 1.9 2.4 1.9 2.5 2.1 3 0.8 0.7
5.0 2.9 3 3 3 -6.4 -4 3.7 3.5
5.8 3.6 3 -7 -4 1.9 2 3.8 3.7
Table 3.7: Simulated (S) and measured (M) realised peak gain values in
(dBi) for the reconfigured ultra-wideband TSA antenna.
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Figure 3.41: Comparison between simulated total efficiency when the an-
tenna is operating in different modes.
ηt(%)
Frequency(GHz) UWB Notched UWB Band I Band II
3.4 87 88 90 40
5.0 90 87 30 91
5.8 85 45 55 88
Table 3.8: Measured total efficiency of the reconfigured ultra-wideband
TSA antenna.
3.9 Applicability in Cognitive Radio
The real time deployment of CR devices and their applications in wireless
communications does not depend only on the antenna and radio element
but substantially on the network and protocol layers mechanisms and tech-
niques. However, such complex systems without a flexible radio front-end
will not function as expected and will not be easily integrated into common
hand-held or desk based devices intended to be used in CR networks. The
119
previously discussed antennas in this chapter present potential candidates
for CR systems. The ultra-wideband mode of operation is capable of sensing
the wider spectrum of interest and based on feedback and cognitive learning,
a decision could be reached on the most suitable band for efficient commu-
nication link. Once the communication frequency is decided, the antenna
elements are reconfigured applying one of the techniques discussed in this
chapter and providing the flexibility needed for such smart networks with
software defined control signals.
Usually sensing places severe requirements on sensitivity, linearity, and
dynamic range of the Cognitive Radio RF front-end. This is because the
RF signal presented at the antenna of a CR unit includes signals from close
or separated transmitters and from transmitters operating at different power
levels [89].
Detection of weak signals might frequently be performed in the presence
of very strong signals. Thus, to relax the strict requirements placed on the
RF analogue circuits it would be beneficial from a system point of view
if an interfere is mitigated before it saturates the RF front-end. This can
be done by using the ultra-wideband notched mode during sensing. It is
worth mentioning here that not only this notched ultra-wideband mode can
be good for sensing, but also it can be helpful in communication between
cognitive secondary users who can still communicate more efficiently using
the notched ultra-wideband channel (e.g., more allowed transmitted power
and longer transmission range with higher data rate) without affecting or
being affected by a specific legacy primary user who is currently operating
at the notched frequency band.
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3.10 Summary
This chapter has investigated the reconfigurability of a microstrip circular
disk monopole ultra-wideband antenna. The reconfiguration was done sim-
ply by switching microstrip stubs with different lengths which are connected
to the main microstrip feedline of the circular radiating disk of the antenna.
The proposed topology is versatile in terms of the availability of different
reconfiguration bands.
A physical interpretation of the reconfiguration mechanism was discussed.
First when using ideal switches, the simulated and measured return loss,
radiation pattern and gain were presented, the overall efficiency was char-
acterised experimentally. Then p-i-n diodes were integrated in a prototype
antenna as switching elements and they required proper dc biasing in order
not to affect the antenna performance. Initial results (e.g., return loss ) were
not satisfactory due to the bandwidth limitation of the used p-i-n diodes.
The plastic packaged silicon p-i-n diodes chips (BAR64-03W) chosen in
the prototype are cheap and easy to solder on the PCB board as they have
surface mountable SOD-323 package. This package can have high parasitic
package inductance and capacitance that can limit the operation of the p-
i-n diode in both the ON and OFF cases, especially at high frequencies.
To overcome this problem, ceramic or beam lead packaged p-i-n diodes can
be used. These types of diodes are the best choice of military and space
applications. HPND-4005 beam lead p-i-n diode from Avago [90] have ex-
tremely low capacitance (0.017 pF ) and they have good performance up to
18 GHz. MA4AGBLP912 beam lead p-i-n diodes from MA-COM [91] can
also work up to 40 GHz. In the following chapters, the author will incor-
porate the HPND–4005 beam lead p-i-n diode in some novel reconfigurable
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ultra-wideband monopole designs.
The use of GaAs transistors, as an alternative to p-i-n diodes, in frequency
reconfigurable ultra-wideband antennas has proved to be simple with less
adverse biasing effects on the antenna return loss, radiation pattern, gain
and efficiency. There was no need for RF chokes in the biasing lines of the
FET switches (unlike p-i-n diodes) because the dc control pins of the switch
are different from the RF pins. The power consumption of each ON switch
is very low (≈ 16.5 µW ). This will reduce the total dc power consumption
and will lead to simple integration of the antenna in portable communica-
tion systems or future Cognitive Radio front-ends.
Since wireless portable devices have very limited mounting space, more
research on reconfiguration methods for compact antennas is essential. In
this chapter, the author has also proposed a compact ultra-wideband ta-
pered slot antenna (TSA) which can be frequency reconfigured to switch
operation from ultra-wideband to different narrower bands. Moreover, it
can also operate in ultra-wideband mode with specific band rejection. This
multi-mode compact antenna can be a very good candidate for future Cog-
nitive Radio or smart wireless applications.
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4 Pattern-Reconfigurable
Ultra-wideband Antenna
4.1 Introduction
Frequency reconfigurability provides CR systems with the necessary flexi-
bility to perform its main functions. In addition, being able to control other
parameters such as antenna polarisation and patterns will further enhance
the offered flexibility by the radio front-end. In the open literature, several
designs have targeted ultra-wideband frequency reconfigurable antennas and
pattern reconfigurable antennas However, most of these pattern reconfig-
urable designs have limited performance as they are narrowband antennas,
so they cannot be integrated into ultra-wideband sensing CR devices. Few
published designs have discussed pattern reconfiguration of wideband and
ultra-wideband antennas as discussed before in Chapter 2.
In this chapter a simple, yet novel and compact pattern-reconfigurable
planar circular disk ultra-wideband monopole antenna, capable of switching
its maximum radiation direction across a very wideband impedance band-
width from 3–6 GHz (approx. 66%) via incorporation of four p-i-n diodes
placed on two parasitic microstrip stubs. The dc bias network required
to control the switching elements is less complex and cost-effective than
conventional ones as it does not require vias or dc blocking capacitors. Mo-
123
rover, the dc lines are physically realised by very thin and short microstrip
lines to limit their adverse effect on the radiation patterns. Compared with
previously designed pattern-reconfigurable antennas in the open literature,
the proposed antenna has many advantages. Firstly, compared to designs
in [56–58,92–96], pattern reconfiguration is achieved over a wide bandwidth.
Secondly, the antenna does not have a complex three dimensional geometry
as in [97], [98] or multiple feeding ports as in [99], [100]. Thirdly, compared
to antennas in [92] and [101], no additional matching network is required.
Lastly, compared to the designs in [59–61], the dc biasing network is easily
realised for various applications where reconfigurability is necessary.
4.2 Antenna Design and Operation
The proposed pattern reconfigurable ultra-wideband monopole antenna shown
in Figure 4.1 is also based on the design in [68]. The dielectric substrate used
in this study is an FR4 substrate with a thickness of 1.52 mm, r=4.5, and a
loss tangent of 0.019. The detailed dimensions of the antenna are presented
in Table 4.1. On the back side of the substrate, a partial rectangular ground
plane and two parasitic microstrip arc-shaped stubs are printed. Also, by
properly insetting a small triangular slit in the middle of the upper edge
of the ground plane and by circularly truncating the upper right and left
corners of the ground plane, optimum impedance matching across the whole
operating band in the three different radiation pattern operation modes can
be obtained.
The RF switching mechanism used in this study is realised using four
beam lead p-i-n diodes (HPND-4005) [90]. The size of this diode is very
small (640 µm × 220 µm) and to mount it on the PCB, the manufacturer
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Figure 4.1: Geometry of the proposed pattern-reconfigurable ultra-
wideband antenna.
Dimension (mm) Dimension (mm)
W 38 W0 2.9
W1 1.5 W2 7.0
W3 14 L 42
L0 14 L1 20
L2 4.5 L3 2.5
L4 2.5 L5 8
r 10 h 0.4
Table 4.1: Dimensions of the proposed antenna.
recommends thermo-compression bonding. However, we have used conduc-
tive epoxy (e.g., silver paste so as not to dissolve the gold from the diode
leads) and hot air. Not only have these switches got very low capacitances
in the OFF state and low resistances in the ON state, but they also have low
package parasitics which will have minimum adverse effects on the isolation
and insertion loss of the switches. Figure 4.2 depicts the equivalent circuit
for the HPND–4005 in the ON and OFF states.
Figure 4.3 shows a photo of the fabricated antenna. Each stub has two
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p-i-n diodes switches, connected back to back. When both switches (a, a′)
are ON and (b, b′) are OFF, the antenna is operating in Mode–1 and stub
1 will be connected to the ground plane and will act as a reflector that will
direct the radiation towards the (-x ) direction. This is due to the surface
currents on the stub and the nearby disk edge being in opposite directions
and their phase relationship results in concentrating radiation away from
the reflector, similar to the principle of operation of a Yagi-Uda antenna.
When both switches (b, b′) are ON, and (a, a′) are OFF, the antenna will
be operating in Mode–2 and stub 2 will act as a reflector that will direct
the radiation towards the (+x ) direction. When all switches are OFF, the
stubs are short enough to be almost transparent to the incident or radiated
waves and Mode–0 which is the conventional ultra-wideband operation is
achieved as in [68]. The three operation modes are controlled according to
the switches states as summarised in Table 4.2. Table 4.3 shows the dc bias
configuration for the control voltages for different operation modes of the
antenna. A dc voltage drop of ≈ +0.9 V between the anode and the cathode
will turn on the diode and with a bias current of ≈ 20 mA, the insertion
loss of the diode will be around 0.4 dB. A voltage of 0 V is sufficient to
turn the diode off, but it is preferable to firmly reverse bias the diode with
a higher reverse voltage (e.g., -10 V) in order to increase the isolation in
the OFF state by decreasing the diode internal capacitance. In addition,
the reverse biasing of diodes mounted in an antenna structure with 0 V can
cause fluctuations and unpredictable performance if strong E fields existing
in the antenna structure (usually in the transmitting mode) happen to turn
on the diodes, or some noise can be picked up by the dc biasing lines that
would induce voltage spikes which would accidentally turn on the diodes.
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Figure 4.2: Equivalent circuit of the HPND-4005 p-i-n diode in the: a)
ON state, b) OFF state.
Figure 4.3: Prototype of the proposed pattern-reconfigurable ultra-
wideband antenna.
The CST microwave studio package [69] which utilises the finite inte-
gration technique for electromagnetic computation was used in numerically
analysing the structure proposed here and the diodes are represented in
simulations by their equivalent circuits as in [102]. The dc biasing net-
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Operation Mode a a’ b b’
Mode–0 OFF OFF OFF OFF
Mode–1 ON ON OFF OFF
Mode–2 OFF OFF ON ON
Table 4.2: Operation modes of the antenna
Operation Mode V1 V2 V3 V4 V5
Mode–0 +10 V 0 V +10 V 0 V +10 V
Mode–1 0 V -10 V 0 V +3 V 0 V
Mode–2 0 V +3 V 0 V -10 V 0 V
Table 4.3: Bias configuration of the antenna
Figure 4.4: Circuit diagram of the dc-bias circuit of the proposed recon-
figurable antenna.
work associated with our design is considered to be fairly simple as there is
no need to cut slots in the antenna ground plane and short them with dc
blocking capacitors for RF continuity. Moreover, the dc lines are physically
realised by very thin (0.1 mm in width) and slightly short microstrip lines to
limit their effect on the antenna operation by reducing losses and spurious
radiation. 0402HPH–68N inductors (L = 68 nH) from coilcraft served as
RF chokes [103]. Also, the equivalent circuit of the RF choke, which takes
into account the self-resonance frequency (SRF) of the inductors, has been
used during all the simulations. The dc bias lines are then connected to
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1 mm × 1 mm square pads on which five wires (labelled: V1 − V5 in Fig-
ure 4.1) are soldered. These wires are connected to an external dc power
supply. In Mode–1 or Mode–2, a 47 Ω current limiting axial-lead resistors
should be connected in series between the power supply (+3 V ) and the
dc wire V4 in Mode–1 or V2 in Mode–2. Hence, the bias current will be
(3 V − 0.9 V )/(47 Ω + 4.7 Ω2 ) ≈ 42 mA, where 0.9 V is approximately the
voltage drop on the ON p-i-n diodes (a, a′) in Mode–1 or (b, b′) in Mode–2
and 4.7 Ω2 is their equivalent parallel resistance. It should be noted that
from an RF point of view, the ON switches (a, a′) or (b, b′) are connected in
their correspondent stub in series, albeit they are actually in parallel from
a dc biasing circuitry view. The 42 mA current will be divided equally
between the ON switches(a, a′) in Mode–1 or (b, b′) in Mode–2. In Mode–0,
there is no need for current limiting resistors as the reverse bias current is
very small. The complete dc biasing circuit is shown in Figure 4.3. In a
real scenario, the dc bias lines will be connected directly or through current
drivers to the I/O pins of a microcontroller, a CPLD or an FPGA which
can electronically switch between the antenna operation modes.
4.3 Performance Analysis
4.3.1 Parametric Study
A parametric study was performed to understand how the dimensions of
the arc-shaped stub affect the performance of the antenna. Throughout
this parametric study of simulations, there are no p-i-n diodes or dc biasing
lines connected to the arc-shaped stub. The first parameter studied was
the total length of the stub (L′). When there is no stub connected to the
antenna ground plane (e.g., L′ = 0), the antenna resonates on the funda-
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Figure 4.5: Effects of L′ (the total stub length) on the return loss of the
proposed ultra-wideband antenna.
mental mode of the circular disk and also on closely spaced higher order
resonances, and by overlapping these resonances, the ultra-wideband band-
width is achieved. Moreover, for a circular disk monopole, the ground plane
(especially the upper edge along the ±x directions), serves as an impedance
matching circuit that can tune the 10 dB return loss [68].
It can be observed from Figure 4.4 that the length of the stub affects the
impedance bandwidth of the antenna. When changing the length, the stub
adds an extra resonance fn when its length is equal to λg/4, where λg is the
guided wavelength. Moreover, the stub will also resonate at odd multiples
of fn and these resonances will also interact with the conventional ultra-
wideband monopole antenna resonances. This will worsen the impedance
bandwidth around the middle range of the ultra-wideband frequencies while
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Figure 4.6: Effects of L′ (the total stub length) on the radiation gain pat-
tern cut along the xz plane at 4.4 GHz.
enhancing the return loss at the upper range of the ultra-wideband frequen-
cies. Also, a larger L′ will increase the bandwidth to cover lower frequen-
cies because the stub will resonate at a lower frequency outside the FCC
ultra-wideband range from 3.1–10.6 GHz. When L′ = 21 mm, the lowest
frequency of operation at which the return loss is equal to 10 dB is around
2.2 GHz and the length of the stub is approximately λeff/4, where λeff is
the wavelength when the effective permittivity is taken into consideration
as described in [104].
The effect of the stub length on the radiation pattern cut in the xz -plane
(H–plane) at 4.4 GHz is also depicted in Figure 4.5. When L′ is relatively
small the antenna radiation patterns are almost omnidirectional as the stub
will be almost transparent to the incident or transmitted electromagnetic
waves at 4.4 GHz. When L′ increases, more directional radiation patterns
are produced in the −x-axis while radiation is reduced in the +x-axis. The
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null is deepest when L′=21 mm, as the stub is acting as a good reflec-
tor when its length is about λeff/2 around 4.4 GHz. Therefore, based on
the above analysis a stub length of 21 mm is chosen to provide an opti-
mum performance from both impedance matching and radiation patterns
prospective.
The second parameter studied was the width of the arc-shaped stub W ′.
When the length of the stub was fixed at L′ = 21 mm and the value of
W ′ changes from 0.5 to 4 mm, it was found that increasing W ′ will slightly
worsen both the impedance bandwidth and the deepness of the null pro-
duced along the +x axis as shown in Figure 4.6 and Figure 4.7. Although
the effect of the width is not significant; however, care needs to be taken to
ensure best optimum performance of the proposed structure and W ′ = 1.5
mm is chosen here.
The third parameter studied was the distance d′ between the stub and
the y-axis line of symmetry of the antenna. As shown in Figure 4.8 and
Figure 4.9, when the length and width of the stub are fixed at 21 mm
and 1.5 mm respectively, changing d′ will affect the coupling between the
currents on the stub and the circular disk. Increasing d′ will enhance the
10 dB return loss bandwidth and will produce a more directive beam in
the −x-axis. From these numerical simulations, the final design parameters
of the arc-shaped stubs are set to L′ =21 mm, W ′=1.5 mm , and d′=16
mm. This choice achieves good return loss (≥ 10 dB) over the whole ultra-
wideband frequency range with good directional radiation patterns for the
reconfigurable operation modes.
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Figure 4.7: Effects of W ′ (the stub width) on the return loss of the pro-
posed ultra-wideband antenna.
Figure 4.8: Effects of W ′ (the stub width) on the radiation gain pattern
cut along the xz plane at 4.4 GHz.
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Figure 4.9: Effects of d′ (the distance between the stub and the antenna
y-axis) on the return loss of the proposed ultra-wideband an-
tenna.
Figure 4.10: Effects of d′(the distance between the stub and the antenna
y-axis) on the radiation gain pattern cuts along the xz plane
at 4.4 GHz.
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4.3.2 Surface Current
To illustrate how the antenna functions for different configurations, the
surface current distribution was studied. The simulated average surface
current distributions at 4 GHz when the antenna is working in Mode–0 and
in Mode–1 are illustrated in Figure 4.10(a) and Figure 4.10(b), respectively.
It can be noticed from Figure 4.10(a) that at the end of the feeding line,
the current splits, on the disk and on the upper edge of the ground plane,
into two equal streams and the surface current distribution is even and
symmetrical about the y-axis. The current is primarily concentrated around
the periphery of the disk and the upper edge of the ground plane, while
there is little current within the interior of the disk and almost a null at
the the top edge of the disk. Additionally, the antenna can be viewed as
a planar slot bow-tie antenna since both the circular disk and the upper
edge of the finite ground plane form two slots that equally contribute to
the total radiation. Furthermore, it can be noticed that the two splitted
arc-shaped stubs are non-resonating and thus transparent to the radiated
or intercepted electromagnetic waves. The symmetry of the surface currents
will lead to omnidirectional xz−plane (H-plane) patterns similar to those
obtained in [68].
In Figure 4.10(b), when one of the stubs is activated by turning on the
corresponding switches, the surface current distribution on the disk and
on the ground plane are no longer symmetrical about the the y-axis. The
activated stub is acting like a reflector and it will reduce radiation behind the
stub. Moreover, if we look at the antenna as a two slots bow-tie antenna,
we can see that the slot facing the activated stub has much less current
than the other slot facing the non-activated stub. From the two slots, there
is an unequal contribution to the total radiation and non-omnidirectional
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Figure 4.11: Simulated average surface current distributions at 4 GHz on
the top and bottom metallisation (while the substrate is hid-
den), when the antenna is operating in: a) Mode–0, b) Mode–
1.
patterns are produced in the H-plane.
4.3.3 Experimental Evaluation
The return loss measurements are performed using Agilent N5230C PNA-L
microwave network analyser. A dc-block SMA connector [105] was con-
nected to the coaxial measurement cable and the calibration was done with
an Agilent-N4696B ECal module. Figure 4.11 and Figure 4.12 show the
simulated and measured return losses when the proposed antenna is oper-
ating in different modes. The simulated return loss of Mode–1 and Mode–2
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Figure 4.12: Simulated and measured return loss curves when the pro-
posed antenna is operating in Mode–0.
are identical since the antenna is almost geometrically symmetrical with
respect to the input microstrip feedline. However, the measured results are
slightly different due to the tolerances in the real diodes and the lumped
components. In addition, the soldering of the diodes and the lumped com-
ponents can not be exactly identical, therefore this could have affected the
symmetrical properties of the prototype. The measured bandwidths with
return loss better than 9 dB are 2.4–11 GHz, 1.92–11 GHz and 1.96–11
GHz for Mode–0, Mode–1 and Mode–2, respectively. The bandwidth from
3 to 6 GHz is considered to be the frequency range over which the antenna
radiation patterns are reconfigured; this is because at these frequencies in
Mode–1 and Mode–2, the measured gain ratio between the +x and the −x
directions is better than 8 dB compared to the omnidirectional Mode–0.
This ratio can be better than 15 dB between 4–4.5 GHz as at these frequen-
cies, the chosen length of the stub is around λeff/2, and the stub acts as a
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Figure 4.13: Simulated and measured return loss curves when the pro-
posed antenna is operating in Mode–1 and Mode–2.
good reflector.
The differences between the simulated and measured return loss results
are attributed to the fabrication tolerances and the approximate boundary
conditions in the computational domain. Also, for small antennas the RF
cable and bulky SMA connectors can affect the obtained return loss mea-
surements [106, 107]. Furthermore, the non-exact modelling of the biasing
network including the external dc wires coming from power supply, the par-
asitic effects of the p-i-n diodes and the difficulties in numerically modelling
all relevant aspects of the real p-i-n diodes characteristics introduce slight
uncertainties in the observed results.
The simulated 3-D radiation patterns of the proposed reconfigurable in
different modes at 4.5 GHz are shown in Figure 4.13. The radiation patterns
138
Figure 4.14: Simulated 3-D normalised realised gain patterns when the
antenna is operating at 4.5 GHz in: a) Mode–0, b) Mode–1,
and c) Mode–2.
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Figure 4.15: Simulated (black curves) and measured (grey curves) nor-
malised radiation patterns in the H-plane when the antenna
is operating in: a) Mode–0, b) Mode–1, and c) Mode–2.
Solid lines are for the (co-polar) component and dashed lines
represent the (cross-polar) component.
of the proposed antenna were also measured in an anechoic chamber. The
simulated and measured normalised radiation patterns in the H-plane (xz-
plane), when the antenna is operating in Mode–0, Mode–1 and Mode–2 are
depicted in Figure 4.14 for different frequencies. The normalised co-polar
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Figure 4.16: Simulated (black curves) and measured (grey curves) nor-
malised radiation patterns at 4.5 GHz in the E-plane, when
the antenna is operating in different modes. Solid lines are
for the (co-polar) component and dashed lines represent the
(cross-polar) component.
E-plane patterns (yz-plane) at 4.5 GHz are also shown in Figure 4.15 and
they do not significantly change when the antenna is operating in the three
proposed operation modes.
The dc power supply was mounted under the turn table and was covered
by microwave absorber as shown in Figure 4.16. It was noted that covering
the antenna’s SMA connector with a piece of absorber would reduce the
ripples in the radiation patterns. Although the bias lines are RF choked,
they are also shielded with aluminium foil to prevent them from picking up
noise and to reduce their spurious radiation. When the antenna is oper-
ating in Mode–0, omni-like radiation patterns are achieved in the xz-plane
(H-plane). For Mode–1 and Mode–2 the beams are concentrated along the
−x and +x direction, respectively. Slight differences between simulated and
measured radiation patterns are attributed to the antenna fabrication tol-
erances and the slight misalignment uncertainties in the antenna under test
(AUT) positioning.
Table 4.4 shows the measured gain ratio between the realised gain in
the +x and −x directions and the maximum realised gain in the xz-plane,
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Figure 4.17: Prototype mounted inside the anechoic chamber, the an-
tenna’s SMA connector is covered with absorber and the dc
wires are shielded with aluminium foil.
at different frequencies, when the antenna is working in different opera-
tion modes. The gain was measured in the anechoic chamber using the
Gain-Transfer method in the far field [71]. Uncertainties in measuring the
transmission coefficient (S21) between the AUT or the standard gain horn
(SGH) and the transmitting horn can add some slight differences in the gain
measurement. Tolerances in the gain standard curves published by manu-
facturer, the coaxial adaptor connected to the SGH and misalignments of
the antennas can also add some uncertainties in the gain measurements.
The realised gain was also measured with another prototype on which the
p-i-n diode switches were replaced with ideal switches (e.g., putting metal
copper bridge to resemble an ON switch state and removing it for the OFF
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case). In Mode–1 and Mode–2, the gain was at least 1 dB better than the
values listed in Table 4.4. At 4.5 GHz, the measured realised gain was 3 dBi
in Mode–1 and 3.1 dBi in Mode–2. This highlights the major role that the
bias network, the parasitics of the p-i-n diodes, and also the current dissi-
pated in the ON p-i-n diode series resistance, play in reducing the measured
gain of reconfigurable antennas.
Finally, the total dc power consumption was measured in different oper-
ation modes. In Mode–0, the dc power is very low as each diode will have a
reverse current (Ir) in the order of nanoamperes. In Mode–1 or Mode–2, two
diodes are on at a time and the forward current (If ) is in the milliamperes
range, hence the total dc power consumption is 2×20mA×3.0V = 120mW .
The power consumption can be further reduced using current drivers to de-
crease the bias current, albeit this will increase the insertion loss of the
diodes and will slightly degrade the performance of the stub as a reflector
element. The simulated total efficiency (ηt) of the proposed antenna at 4.5
GHz is 80 % in Mode–0 and 77 % in Mode–1 and Mode–2. The efficiency
values of the antenna modes were calculated numerically through the CST
Microwave Studio package applying conventional antenna parameters cal-
culations using the simulated realised gain and directivity of the antenna.
Although the measurements did not show substantial increase in gain
values, it clearly indicates that reconfiguration using the p-i-n diodes and
our technique did not negatively affect the overall gain at the measured fre-
quencies. The proposed antenna structure represents a simple, yet flexible
solution for radio front-ends in smart wireless applications and potentially
future Cognitive Radio systems. As these systems need frequency and po-
larisation reconfigurability, pattern reconfiguration could provide another
degree of flexibility and help in minimising interferences and hence signif-
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Mode-0 Mode–1 Mode–2
Frequency (GHz) Gain (dBi) +x−x (dB) Gain (dBi)
+x
−x (dB) Gain (dBi)
+x
−x (dB)
3.5 2.1 0.4 1.3 -9.2 1.5 9.5
4.5 1.4 0.7 1.9 -14 2.1 15.5
5.5 1.9 -1.3 2.1 -9.9 2.0 9.2
Table 4.4: Measured gain ratio between the +x direction and −x direction
and the maximum realised gain in the xz-plane for the proposed
antenna
icantly improving system performance when a combination of congested
spectrum and imbalanced demand for the bandwidth and spectrum exist.
4.4 Summary
A simple and novel design for a compact planar pattern-reconfigurable ultra-
wideband antenna is presented. When the antenna is pattern reconfigured,
the radiation patterns change from a nearly omnidirectional to two opposite
end-fire patterns. This can assist CR and other smart wireless communica-
tion systems through spatial rather than frequency means. A wide measured
fractional bandwidth of 66% from 3 to 6 GHz is achieved for reconfigurable
patterns with measured return loss better than 9 dB. The compact volume
of the antenna (42× 38× 1.52 mm3) and the moderate average power con-
sumption (e.g., the diodes are not on all the time and the bias current can
be controlled by current drivers), will lead to simple integration in portable
future smart radios and CR devices for various consumer and specialised
applications.
144
5 Polarisation-Reconfigurable
Ultra-wideband Antennas
5.1 Introduction
When considering EM waves, the plane containing the electric field that is
orthogonal to the direction of propagation is called the plane of polarisation.
In this plane, the tip of the electric field vector moves along an ellipse. The
shape and orientation of the ellipse and the direction in which the electric
field vector traverses the ellipse specifies the electromagnetic wave polarisa-
tion [108]. Axial ratio specifies the shape of the ellipse and it is the ratio
of the major axis to the minor axis. The tilt angle is the angle between the
major axis and a reference direction and it specifies the orientation of the
polarisation ellipse. The direction in which the electric field vector move
along the ellipse is the sense of polarisation and it can be right-handed
or left-handed when viewed looking in the direction of propagation [108].
The axial ratio sometimes carries a sign that is taken as plus if the sense of
polarisation is right-handed and minus if it is left-handed [109].
Circular Polarised (CP) antennas are good in combating fading and multi-
path interferences and hence can decrease the BER performance of the wire-
less communication system and enhance the system performance [110,111].
Moreover, CP antennas are popular for satellite positioning, radar and radio
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Figure 5.1: A circularly polarised wave as in [113].
frequency identification (RFID) applications as they decrease the severe po-
larisation mismatch between transmitters and receivers [112]. In a linearly
polarised field vector and at a certain point in space, the tip of the field
vector describes a straight line segment as a function of time and it may
be viewed as a special case of elliptical polarisation where the axial ratio is
equal to ∞ [109]. In a circularly polarised field vector, the field vector tip
describes a circle as a function of time and may be viewed as a special case
of elliptical polarisation where the axial ratio is equal to one [109]. A cir-
cularly polarised wave is generated by adding two linearly polarised waves
that are orthogonal in polarisation planes and with 90◦ phase difference be-
tween them as shown in Figure 5.1 [113].
Most of ultra-wideband monopole antennas are linearly polarised and
exciting CP in these ultra-wideband antennas is difficult. However, in
[114, 115] two CP polarised ultra-wideband antenna are introduced, but
their axial ratio fractional operating bandwidths are still narrow and the
effective techniques used to produce and expand their CP bandwidths are
not that simple.
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In [116] a compact CP ultra-wideband monopole antenna with a fractional
AR bandwidth of 33%(7.17-10.01 GHz) is presented, however to achieve this
very wideband CP, the dimensions of the monopole patch edges and cor-
ners should be carefully optimised and it is very difficult to reconfigure this
antenna to switch its polarisation operation. In the past literature, many re-
configurable antennas with polarisation diversity between linear and circular
polarisation or between LHCP and RHCP have been discussed [117–120].
However, the author presents in this chapter a simple polarisation reconfig-
ured single microstrip fed ultra-wideband monopole antenna, in which its
polarisation can change from LP to either RHCP or LHCP with a wideband
3 dB axial-ratio. On top of that, the author will try to re-tune the 3-dB
axial ratio bandwidth to cover multiple distinct frequency bands.
5.2 Polarisation Reconfigurable Ultra-wideband
Antenna Element
5.2.1 Antenna Design
The proposed polarisation reconfigurable ultra-wideband monopole antenna
is shown in Figure 5.2 and the photograph of the prototype antenna is shown
in Figure 5.3. The dielectric substrate used in this study is a Taconic TLC-
30 substrate with a thickness of 0.88 mm, r = 3.0 and loss tangent=0.003.
The length and width of the dielectric substrate is 28.5 mm and 34 mm
respectively. A 10 mm ×10 mm patch is printed on one side of the substrate
and fed by 50 Ω microstrip line. The input microstrip line is connected to
a 50 Ω SMA connector. The main input feed line is divided into 2 parts,
the width of the microstrip at the start of the main input feedline is 2.2
mm to achieve 50 Ω impedance and the length of this part is 4.1 mm. The
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Figure 5.2: Geometry of the proposed polarisation reconfigurable ultra-
wideband antenna.
Dimension (mm)
Substrate width (W) 34
Substrate length (L) 28.5
Patch width (W1) 10
Patch length (L1) 10
Gap between patch and ground plane (h) 0.88
Slit length (L2) 8
Slit width (W3) 1
Feedline starting width (W2) 2.2
Feedline end width (W4) 1
Feedline straight length(L3) 4.1
Feedline tapered length(L4) 6.1
Table 5.1: Dimensions of the polarisation reconfigured ultra-wideband an-
tenna.
second part of the feedline is linearly tapered for a length of 6.1 mm to
achieve a width of 1 mm at the point where it connects to the square patch,
this will enhance the input impedance bandwidth of the antenna. On the
back side of the substrate, a section of metallisation in the shape of a wine
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Figure 5.3: Prototype of the proposed polarisation reconfigurable ultra-
wideband antenna.
glass is removed; this improves the impedance matching bandwidth and
shape the radiation patterns. The height of the feed gap between the feed
point and the ground plane is fixed at h=0.88 mm. The dimensions of the
proposed antenna are summarised in Table 5.1. Two vertical rectangular
slits, 8 mm × 1 mm, are embedded 1 mm away from the right and left
patch edges. The slit can generate two orthogonal electric field vectors
(EV , EH) with equal amplitude and 90
◦ phase difference. The two slits
are terminated by two RF switching devices (e.g., p-i-n diodes or MEMS
switches). The RF switches used in this prototype are realised as metal pads
with dimensions of 1 mm × 1 mm. When both switches are ON, the two
etched slits are shorted and the antenna is linearly polarised and behaves
like a conventional ultra-wideband monopole antenna. When switch (a) is
OFF and switch (b) is ON, the slit near the right edge of the patch will
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Polarisation State Switch (a) Switch (b)
LP ON ON
RHCP OFF ON
LHCP ON OFF
Table 5.2: Operation modes of the proposed antenna.
perturb the current, thereby leading to excite two orthogonal E vectors
(EV , EH) with same amplitude and a −90◦ phase shift and hence LHCP is
radiated, When switch (b) is OFF and switch (a) is ON, the slit near the
left edge of the patch will perturb the current and the orthogonal modes
will have the same amplitude but with +90◦ phase shift and hence RHCP
radiation is achieved. The three polarisation states are controlled according
to the switches states as summarised in Table 5.2.
5.2.2 Proposed Antenna Performance Analysis
(a) Return Loss
Figure 5.4 demonstrates the simulated and measured results of return
loss curves for the three polarisation reconfigurable states. For the LP
case, the simulated 10 dB return loss bandwidth covers the frequency
range from 3.3 GHz up to 10.7 GHz. When the antenna is operating
in the RHCP or LHCP modes, the simulated return loss is degraded
from 4 GHz to 6.2 GHz but it is still acceptable above 6 dB. This
degradation is necessarily due to the resonance of the slit embedded
in the patch when its length is equal to λg/4, where λg is the guided
wavelength at the notched frequency. The directions of current on the
two edges of the slit are opposite and they almost try to cancel each
other creating a frequency notched band operation around fnotch=5.7
GHz for an 8 mm slit. In this design, the author concerns about
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Figure 5.4: Simulated (S) (solid lines) and measured (M) (dashed lines)
return loss curves for the proposed antenna when it is working
in the LP, LHCP and RHCP states.
polarisation reconfiguration, not notched ultra-wideband operation.
Moreover, the RHCP or LHCP operation occurs at frequencies beyond
the notch frequency and the optimal axial ratio (AR) occurs inside
the optimal return loss bandwidth (RL ≥ 10 dB). The return loss
curves for the RHCP and LHCP states are almost similar due to the
symmetry in the antenna geometry with respect to the input feed line.
In general, a fair agreement between simulated and measured results
has been achieved. Small frequency shifts and slight degradation of
the antenna return loss occurred; this can be accounted for by the
fabrication tolerances.
(b) Radiation Patterns
The simulated 3-D radiation patterns at 7 GHz for the three re-
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Figure 5.5: Simulated 3-D realised gain patterns for the proposed antenna
at 7 GHz when the antenna is reconfigured to work in differ-
ent states: (a) LP state , b) LHCP state, co-polarisation,
(c) LHCP state, cross-polarisation, d) RHCP state, co-
polarisation component, e) RHCP state, cross-polarisation
component .
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configurable states of the antenna are depicted in Figure 5.5. The
measured normalised radiation patters in the xz- plane and yz-plane
of the proposed antenna when reconfigured to work in different po-
larisation states are also displayed in Figure 5.6. It is noted that in
the LP case and in the xz plane the radiation patters are nearly om-
nidirectional with reduced gain in the ± x-direction, while in the yz
plane the gain largely drops in the ± y-direction and the radiation
patterns are like dipole E-plane patterns. In Figures 5.5 and 5.6, it
can be noticed that some good isolation (≥ 15 dB) near the bore-sight
direction between the co–polarisation and cross-polarisation patterns
for both the RHCP and LHCP antenna states. In addition, when the
antenna is configured to work in the LHCP state, the LHCP radiation
occurs in the z > 0 half space. The same judgements apply in the
RHCP case.
It can also be noticed that the antenna radiates RHCP or LHCP
in the upper half-plane (z > 0) direction and the opposite sense in
the lower half-plane (z < 0) direction, a known trait of CP planar
monopoles [121]. This is due to the observation point in the lower
half plane seeing the mirror image of the top substrate surface current
seen from the opposite observation point (e.g., Evertical stays the same
but Ehorizontal is mirrored and thus rotated 180
◦ so RHCP becomes
LHCP or vice versa). This type of performance (in which the antenna
receives both orthogonal CP senses) may be suitable for applications
in which the antenna can receive the reflected signal if there is an
obstruction for the direct signal because when signal is reflected, the
RHCP changes to LHCP or vice versa.
To minimise radiation in the antenna’s lower half plane and obtain
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Figure 5.6: Measured co-polarisation (solid lines) and cross-polarisation
(dashed lines) normalised radiation patterns in the xz and yz
planes at 7 GHz when the proposed antenna is reconfigured
to work in different polarisation states, a) LP state, b) LHCP
state, c) RHCP state.
unidirectional radiation, an absorptive cavity can back the antenna or
a reflector can be used. Unidirectional patterns can be preferable in
some cognitive radio networks, especially in point-to-point communi-
cation between the network nodes.
(c) Surface Current
Figure 5.7 shows the simulated surface current distribution vector at
7 GHz, when the antenna is reconfigured in the LHCP mode, at four
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Figure 5.7: Simulated surface current distributions when the antenna is
in the LHCP state at 7 GHz when the phase is advancing from
0◦ to 270◦.
different consecutive time instances (ωt = 0◦, 90◦, 180◦, 270◦). As the
phase of excitation advances and looking in the direction of propa-
gation, the surface current vector is rotating clockwise which yields
LHCP radiation in the +z half sphere. The same principle applies
for the RHCP case but for this scenario the current vector will rotate
anti-clockwise.
(d) Axial Ratio and Gain
Figure 5.8 depicts the simulated and measured realised peak gain and
the simulated and measured AR in the boresight direction, when the
proposed antenna is reconfigured to work in the LHCP state. It is
clear from Figure 5.8 that the reconfigured antenna exhibits a simu-
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Figure 5.8: Simulated and measured realised gain and axial ratio, when
the antenna is reconfigured in the LHCP state.
lated 3 dB AR fractional bandwidth of 60% (from 5.8 GHz to 10.8
GHz). To measure the axial ratio of the proposed antenna, the re-
ceived phase and amplitude are measured across the xz and yz planes
with a diagonal dual linear polarised transmitting horn antenna. Af-
ter obtaining two measured sets of data across each plane, the data
are post-processed to reconstruct the RHCP and LHCP components
of the CP radiation pattern across the two plane cuts. The axial ra-
tio is calculated from the RHCP and LHCP components as described
in [122]. The measured 3 dB AR fractional bandwidth is approxi-
mately 59.5 % (from 5.9 GHz to 10.9 GHz). There is a very good
agreement between the simulated and measured results and the small
discrepancies between the simulated and measured results are mainly
due to the antenna fabrication tolerances and the coaxial RF cables
used in the measurements affecting the small antenna. The axial ratio
and gain performance for the RHCP state should almost be similar
to the LHCP case because in both cases the antenna is geometrically
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symmetrical with respect to the feed line. Similar gain and AR val-
ues in both RHCP and LHCP operation of the proposed antenna are
desirable in most polarisation diversity wireless applications.
5.3 Tuning Circular Polarisation Bandwidth of
the Polarisation Reconfigurable Antenna
5.3.1 Antenna Re-design
Lets call the previously designed antenna (ANT I), Now to tune the po-
larisation CP bandwidth of ANT I, a larger version of the antenna (longer
by 19%) is required. (Ant II) was designed and manufactured as shown in
Figures 5.9 and 5.10. ANT II dielectric substrate is the same as ANT I
substrate. ANT II detailed dimensions are presented in Table 5.3.
The new larger design allows us to increase the length of the etched slits
in the rectangular patch. By adding extra switches, we can change the
electrical length of the etched slits and hence the frequencies at which the
antenna is radiating CP (RHCP or LHCP) are well controlled. Two ver-
tical rectangular slits, 11.5 mm × 1 mm, are embedded 1 mm away from
the right and left patch edges. The slit can generate two orthogonal E
electric field vectors with equal amplitude and 90◦ phase difference. The 2
slits lengths are controlled by 4 RF switching devices (e.g. p-i-n diodes or
MEMS switches). The RF Switches (a, b, a’, b’) used in this prototype are
realised as metal pads (e.g., ideal switches for analysis purposes to proof the
concept proposed) with dimensions 1 mm× 1 mm.
When both switches (a, a’) are ON, the 2 slits are shorted and the
antenna is linearly polarised and behaves like a conventional ultra-wideband
monopole antenna. When switch a is OFF and switch a’ is ON, the slit near
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Figure 5.9: Geometry of the polarisation reconfigurable ultra-wideband
antenna (ANT II).
Figure 5.10: Prototype of ANT II
the right edge of the patch will perturb the current leading to excite two
near degenerate orthogonal modes with same amplitude and a -90◦ phase
shift and hence LHCP is achieved at specific frequency band , When switch
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Dimension (mm)
Substrate width (W) 35
Substrate length (L) 34
Patch width (W1) 17
Patch length (L1) 20
Gap between patch and ground plane (h) 0.88
Slit length (L2) 11.5
Slit width (W3) 1
Feedline starting width (W2) 2.2
Feedline end width (W4) 1
Feedline straight length(L3) 7
(L4) 3.5
(L5) 6
Table 5.3: Dimensions of ANT. II.
Polarisation Frequency Switch a Switch b Switch a’ Switch b’
LP ultra-wideband ON X ON X
LHCP Band I OFF ON ON X
Band II OFF OFF ON X
RHCP Band I ON X OFF ON
Band II ON X OFF OFF
Table 5.4: Operation modes of ANT. II
a’ is OFF and switch a is ON, the slit near the left edge of the patch will
perturb the current and the near degenerate orthogonal modes will have the
same amplitude but with +90◦ phase shift and hence RHCP is achieved.
Switches b , b’ are used to change the electrical length of the slits and
hence control the frequency band on which the antenna is CP. The three
polarisation states over different frequency bands are controlled according
to the switches states as summarised in Table 5.4. The X state of a switch
indicates a “Don’t care”state.
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Figure 5.11: Simulated (solid lines) and measured (dashed lines) return
loss curves for ANT II when it is working in the LP, LHCP-
Band I and LHCP–Band II.
5.3.2 Numerical and Experimental Results
(a) Return Loss
The simulations are performed using the CST Microwave Studio pack-
age. Return loss measurements are performed using Agilent N5230C
PNA-L microwave network analyser. Figure 5.11 demonstrates the
simulated and measured results of return loss curves for 3 operation
modes of the antenna. Band I and Band II are defined later in the
axial ratio subsection of this chapter. When the antenna is operat-
ing in the LHCP modes, the simulated return loss is degraded over
a small set of frequencies of the ultra-wideband bandwidth but it is
still acceptable above 6 dB over the entire ultra-wideband bandwidth.
The return loss curves for the RHCP and LHCP states are almost
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similar due to the symmetry in the antenna geometry with respect to
the input feed line.
In general, a fair agreement between simulated and measured re-
sults has been achieved as both the simulated and measured curves
showed return loss better than 6 dB in the whole ultra-wideband spec-
trum. Small frequency shifts and slight degradation of the antenna
return loss occurred; the discrepancies between simulated and mea-
sured curves can be accounted for by the fabrication tolerances. The
substrate thickness tolerances can decrease the return loss, especially
in the upper ultra-wideband operation. Moreover, uncertainties in the
relative permittivity of the substrate can degrade the performance, es-
pecially around the center frequency band.
(b) Radiation Patterns
The simulated and measured radiation patterns of the antenna when
operating in the LP mode are depicted in Figure 5.12 for different
frequencies. The measured patterns agrees well with the simulated
ones. It is noted that in the xz plane and at the low frequency band
in the allocated ultra-wideband spectrum, the radiation patterns are
nearly omni-directional and at high frequencies the gain drops in the
±x-direction, while in the yz plane the gain largely drops in the ±y-
direction and the radiation patterns are as typical for a monopole.
Figure. 5.13 and Figure. 5.14 display the simulated and measured
radiation patterns of the antenna when it is in the LHCP and RHCP
states. The measured patterns follow the simulated ones and we can
notice some good isolation near the boresight (e.g., maximum radi-
ation) direction between the co–polarisation and cross-polarisation
patterns for both the RHCP and LHCP antenna states. Differences
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Figure 5.12: Simulated (solid black lines) and measured (dashed grey
lines) normalised radiation patterns for ANT II when it is
working in the LP state, a) 4 GHz, b) 6 GHz.
between simulated and measured radiation patterns are mainly due
to the antenna fabrication tolerances and the slight misalignment un-
certainties in the antenna under test (AUT) positioning. Moreover,
connectors and cables connected to the AUT and the AUT support
structure can add some reflections in the chamber and deteriorate the
perfect line-of-sight (LOS) assumption and add some ripples on the
radiation patterns. From Figures. 5.13 and 5.14, is is also noticed that
the antenna radiates RHCP or LHCP in the upper half-plane (z > 0)
direction and the opposite sense in the lower half-plane (z < 0) direc-
tion.
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Figure 5.13: Simulated (solid lines) and measured (dashed lines) nor-
malised radiation patterns for ANT II when it is reconfigured
in the LHCP state, a) 6 GHz in Band I, b) 5 GHz in Band
II. The co-polarisation (LHCP component) is shown in black
colour and cross-polarisation (RHCP component) is shown
in grey.
(c) Axial ratio and Gain
Figure. 5.15 depicts the simulated and measured minimum axial ratio
(AR) in the boresight direction when the proposed antenna is recon-
figured to work in the LHCP state. It is clear from Figure. 5.15
that when the antenna is reconfigured in LHCP-Band II state, the
antenna exhibits a simulated and measured 3 dB AR fractional band-
width of 20% (from 4.6 to 5.6 GHz) and 21% (from 4.7 to 5.8 GHz)
respectively. When the antenna is reconfigured in the LHCP-Band
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Figure 5.14: Simulated (solid lines) and measured (dashed lines) nor-
malised radiation patterns for ANT II when it is reconfig-
ured in the RHCP state, a) 6 GHz in Band I, b) 5 GHz in
Band II. The co-polarisation ( RHCP component) is shown
in grey colour and cross-polarisation (LHCP component) is
shown in black.
I state, the antenna exhibits simulated and measured 3-dB AR frac-
tional bandwidth of 41% (from 5.2 to 7.9 GHz) and 37% (from 5.8
to 8.4 GHz) respectively. There is a good agreement between the
simulated and measured results, differences are mainly due to the an-
tenna fabrication tolerances, the coaxial RF cables and connectors
and the associated uncertainties in the measurement of the phase and
amplitude which can lead to axial ratio value uncertainties. Table 5.5
shows the simulated realised peak gain and the measured realised gain
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at different frequencies when the antenna is working in different po-
larisation states. The axial ratio and gain performance for the RHCP
cases should almost be similar to the LHCP case because in both cases
the antenna is geometrically symmetrical with respect to the feedline.
(d) Surface Current
To illustrate how the CP is achieved for different configurations, the
surface current distribution should be studied. The simulated surface
current distributions at 7 GHz and at orthogonal phases when the
source phase advances from 0◦ to 270◦ and when the antenna is work-
ing in the LHCP mode in Band I, are illustrated in Figure 5.16(a)-(d).
As the excitation phase advances, the current vector on the patch is
rotating clockwise and hence the antenna is radiating LHCP in the
z > 0 direction.
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Figure 5.15: Simulated (S) and Measured (M) Axial ratio, when the an-
tenna is reconfigured in the LP and LHCP state (Band I and
Band II).
Gain (dBi)
Frequency(GHz) Simulated Measured
4 (LP) 3.2 3.9
5 (LP) 3.4 4
6 (LP) 4 4.5
6 (LHCP-Band I) 3.9 4
5.0 (LHCP-Band II) 3.5 3.6
Table 5.5: Simulated and measured gain of ANT. II.
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Figure 5.16: Simulated surface current vector distribution when the an-
tenna is working in the LHCP-Band I at, a) 7 GHz∠0◦, b) 7
GHz ∠90◦ , c) 7 GHz∠180◦, and d) 7 GHz∠270◦.
From Figure 5.16, we can also see how the slit introduces asymmetry
in the patch and the length of the slit will directly change the electrical
length of the x-directed current, so that the x and y directed current
are equal in magnitude and quadrature in phase. In the LP operation
mode, the slits are shorted and no asymmetry is introduced. The
current vector tip will almost keep swinging in the ±y direction as
the phase advances from 0◦ to 360◦. The surface current will flow
smoothly on both the right and left edges of the patch and there will
be no strong x directed current.
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Figure 5.17: Spectrum sharing in the polarisation domain in a simple CR
network. Secondary devices (SU) are communicating with
their antennas configured as RHCP while primary (legacy)
users (PU) antennas are configured as LHCP, assuming line-
of-sight (LOS) operation.
5.4 Applications in Cognitive Radio
Conventional Cognitive Radio (CR) antenna may sense the spectrum to lo-
cate unused frequency spectrum holes, and then secondary devices can com-
municate using these frequencies without interfering with primary legacy
users. In Chapter 3, Some application of frequency reconfigurable antennas
were discussed and in this section the author presents some analogy between
the spectrum domain and the polarisation domain and discuss how these
terms are achieved by the proposed polarisation ultra-wideband antenna.
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It is also worth mentioning here that line-of-sight (LOS) operation with no
multipath is assumed in the following applications.
(a) Frequency Sensing ↔ Polarisation Sensing.
The spectrum resources utilisation can be increased if we can also
do sensing in the polarisation domain. In [123] a feasible scheme
for polar-metric sensing based on the principle of Virtual Polarisa-
tion Adaptation is introduced. The proposed reconfigured antenna
can simplify this sensing process and ease the burden on the CR front
end digital signal processing unit, allowing switching between different
states of polarisation and by analysing the received signal strength,
the polarisation sense of primary users can be determined. In contrast
to conventional CR reconfigurable antennas, in which the antenna af-
ter sensing the spectrum has to be frequency reconfigured to work
in narrowband at available spectrum holes, the proposed CR devices
will use decisions based on polarisation sensing to reconfigure their
antenna polarisation states to allow communication on a specific po-
larisation sense (e.g., RHCP) without affecting or being affected by
primary (legacy) users (PUs) operating on an opposite polarisation
sense (e.g., LHCP) as shown in Figure 5.17.
(b) Frequency Notching ↔ Polarisation Notching.
In Conventional CR, one can use reconfigurable frequency notched
antennas to notch out the frequency spectrum around legacy users
or possible interferers. Using a similar idea and since we can control
the frequency band at which the antenna is radiating a specific sense
of CP, we can integrate the proposed antenna in a CR device, by
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applying Polarisation Notching in which at the interfering frequency
band, we change the polarisation sense of our antenna reception to
be opposite to the polarisation sense of the interferer. From a system
point of view this is beneficial in mitigating serious interferers before
they saturate the CR RF front-ends.
5.5 Summary
Two novel compact ultra-wideband microstrip antennas with reconfigurable
polarisation capability have been presented. The first antenna can be switched
from linear polarisation (LP) to right hand circularly polarisation (RHCP)
or left hand circular polarisation (LHCP). The measured 3 dB axial-ratio
(AR) fractional bandwidths for the RHCP or the LHCP after reconfigu-
ration is 59.5 % from 5.9 to 10.9 GHz. In the second antenna, the CP
bandwidth (RHCP or LHCP) can be changed at different frequency bands.
The experimental fractional bandwidths of the 3-dB axial ratio are 37 %
from (5.8 to 8.4 GHz) for Band I and 21 % from (4.7 to 5.8 GHz) for Band
II.
The proposed antennas are suitable candidates for Cognitive Radio ap-
plications or smart wireless applications where polarisation reconfiguration
(in addition to frequency and pattern reconfiguration) is needed to minimise
interference and allow for efficient communication links and more intelligent
CR and wireless devices.
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6 Planar Ultra-wideband
Antenna with Multiple Degrees
of Reconfiguration
6.1 Introduction
Frequency reconfigurability provides CR systems with the necessary flexibil-
ity to perform their main functions. In addition, being able to control other
parameters such as antenna polarisation and patterns will further enhance
the offered flexibility by the radio front-end. In the open literature, several
designs have targeted frequency, pattern or polarisation reconfiguration and
in certain cases a combination of two of these parameters. To the best of the
author’s knowledge and based on extensive literature review (as discussed
in Chapter 2), no attempt has yet been reported to combine the main three
categories of reconfigurable antennas, namely frequency, pattern and po-
larisation, in one single design. Thereby, in this chapter, the author goes
one step further in the design of reconfigurable antennas and we presents a
novel planar reconfigurable antenna with multiple degrees of reconfiguration
that meets the growing demand of CR and similar smart wireless devices
for more intelligent and multi-functional antennas.
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Figure 6.1: Geometry of the proposed reconfigurable ultra-wideband an-
tenna. a) Front view, b) Back view.
6.2 The Proposed Antenna Design
The front and back views of the proposed reconfigurable ultra-wideband
monopole antenna are shown in Figure 6.1 and the fabricated prototype of
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Dimension (mm) Dimension (mm)
W 38 W0 2.9
W1 1.5 W2 17.2
W3 13 L 42
L0 14 L1 20
L2 1.8 L3 2.5
L4 2.5 L5 8
L6 4.4 L7 3.5
S0 20.4 S1 9.5
S2 1.0 S3 5.5
S4 2.0 S5 6.6
S6 1.6 S7 13.1
S8 10.3 S9 6.2
S10 4 r 10
Table 6.1: Dimensions of the proposed antenna
Figure 6.2: Prototype of the proposed reconfigurable ultra-wideband an-
tenna. a) Front view, b) Back view.
the antenna is shown in Figure 6.2. The dielectric substrate used in this
prototype is an FR4 substrate with a thickness of 1.52 mm, r=4.3, and a
loss tangent of 0.02. Four switches (a, b, c, d) are used to connect or discon-
nect a combination of four printed stubs (A,B,C,D) to the main microstrip
feedline. The labelling of the switches is illustrated in Figure 6.3.
To achieve circular polarisation at specific frequencies, the disk patch has
two parallel vertical rectangular slits; each slit is 9.5 mm× 1 mm. Switches
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Figure 6.3: 3-D Geometry of the proposed antenna showing the p-i-n
diodes labellings and orientations when mounted on the an-
tenna and the labelling of the bias wires coming from the
power supply and soldered on the antenna PCB.
(e, f) control the shorting of the embedded slits. When switches (e, f) are
shorted, the antenna is linearly polarised. If one switch is ON and the
other is OFF, circular polarisation is achieved. The sense of the circular
polarisation (RHCP or LHCP) depends on the locations of the shorted slit
(i.e., being in the left or right corner of the circular radiator). On the back
side of the substrate, a partial rectangular ground plane and two parasitic
microstrip arc-shaped stubs are printed. Also, by properly insetting a small
slit in the middle of the upper edge of the ground plane and by circularly
truncating the upper right and left corners of the ground plane, optimum
impedance matching across the whole operating band in different operation
modes can be obtained. Four switches (g, h, i, j) are placed on the arc-
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shaped stubs (E, F ). Switches (g, h) can connect/disconnect the stubs to
the partial ground plane, while switches (i, j) will control the length of the
stubs. The detailed dimensions of the antenna are summarised in Table 6.1.
The RF switching mechanism used in this study is realised using beam
lead p-i-n diodes (HPND-4005) [90]. The size of this diode is very small
(640 µm× 220 µm) and to mount it on the PCB, we have used conductive
epoxy (e.g., silver paste so as not to dissolve the gold from the diode leads)
and hot air. Not only have these switches posses very low capacitances
(C = 0.017 pF ) in the OFF state and low resistances (R = 4.7 Ω) in the
ON state, but they also have low package parasitics which will have mini-
mum adverse effects on the isolation and insertion loss of the switches.
The CST microwave studio package [69] was used for numerically analysing
the structure proposed here, and the diodes are represented in simulations
by their equivalent circuits as shown before in Chapter 4. The dc lines are
physically realised by very thin microstrip lines (0.1 mm in width). Induc-
tors (0402HPH–68N) (L = 68 nH) from coilcraft served as RF chokes [103].
For more effective RF attenuation, two chokes are used for the long dc bias
lines. For the dc biasing of switches (e, f), two surface mounted RF capaci-
tors (RFCS-04022700BJTT1)(C = 27 pF ) from Vishay [124] are used as dc
blocking capacitors. Table 6.2 summarises all the operation modes of the
antenna. It should be noted that in Table 6.2, the UWB mode in the fre-
quency reconfiguration is the same as Mode–I in the pattern reconfiguration,
which is also the LP mode in the polarisation reconfiguration.
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Figure 6.4: Circuit diagram of the dc-bias circuit of the proposed recon-
figurable antenna. Current limiting resistances are external to
the antenna and they are in series with the wires (V7, V8, V11)
coming from the dc power supply.
6.3 DC Biasing and Power Consumption
Figure 6.3 shows the polarity of the p-i-n diodes incorporated in the antenna
structure and Figure 6.4 depicts the full dc biaisng circuit. A dc voltage
drop around +0.9 V between the anode and the cathode will turn on the
diode and with a bias current of 20 mA, the insertion loss of the diode will
be around 0.4 dB. A voltage drop of 0 V is sufficient to turn the diode off.
The dc bias lines are connected to 1 mm× 1 mm square pads on which 12
wires (labelled: V0 − V11) are soldered. These wires are connected to an
external dc power supply. Table 6.3 shows the dc bias configuration for the
control voltages of the operation modes of the antenna and also the total
dc power consumption of the antenna at each operating mode.
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An example of how to estimate the power consumption for one case (e.g.,
pattern-reconfigurable-Mode III) is shown here. In Mode III , a 50 Ω current
limiting axial-lead resistors should be connected in series between the power
supply (+3 V ) and the dc wire V7. Hence, the bias current will be (3 V −
0.9 V )/(50 Ω + 4.7 Ω2 ) ≈ 40 mA, where 0.9 V is approximately the voltage
drop on the ON p-i-n diodes (h, j) and 4.7 Ω2 is their equivalent parallel
resistance. It should be noted that from an RF point of view, the ON
switches (h, j) are connected in their correspondent stub in series, albeit
they are actually in parallel from a dc biasing circuitry view. The 40 mA
current will be divided equally between the ON switches(h, j). Moreover,
in Mode–III, switches (e, f) should be ON by applying +3 V at V5, V6 and
the value of the variable resistance Rdc should be 50 Ω to limit the bias
current driving e or f at ≈ 20 mA. In this prototype, we have used axial-
lead external resistors connected in series between the power supply and
the antenna. It should be noted that the values of Rdc where chosen as in
Table 6.3 to fix the forward bias current of each ON diode at ≈ 20 mA.
In industrial realisation designs, these resistances should be replaced with
a bank of resistors or a low-cost digital potentiometer chip, interfaced to a
µ-controller, acting as the “brain”of the reconfigurable antenna. In Mode–
III, as there are four ON diodes, the total power consumption P is 4 ×
20 mA × 3 V ≈ 0.24 W . From Table 6.3, we can notice that the antenna
consumes the largest dc power when it is operating in Band-I as there are
six ON diodes, while the minimum power consumption occurs in the RHCP
or LHCP modes as there is only a single ON diode.
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Figure 6.5: A BPF filter using four quarter wavelength stub resonators
connected to a microstrip line. The stub lengths are as illus-
trated in Figure 6.1 and Table 6.1. The width of each stub
is W ′= 4 mm and the vertical distances between stubs d=2.5
mm.
6.4 Principles of Operation and Design Guidelines
6.4.1 Frequency Reconfiguration
To better understand the proposed frequency reconfiguration mechanism,
only the antenna microstrip feed line and the stub resonators were simu-
lated as a planar filter as shown in Figure 6.5. Frequency reconfiguration is
achieved by using multiple stubs connected to the main feedline, each stub
acts as a
λg
4 resonator, where λg is the guided wavelength. Each stub will
act as a Band Stop Filter (BSF) around its resonance frequency. A Band-
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Figure 6.6: Effects of the stub width (W ′) on the quality factor (Q) of stub
B.
Pass Filter (BPF) filter can be achieved by combining BSF filters operating
in the FCC ultra-wideband spectrum by forcing transmission zeros on both
sides of the pass-band of the BPF. Low Q stubs and hence more rejection
bandwidth are preferable here to reduce the number of resonators used in
the BPF. Figure 6.6 illustrates the insertion loss of the BSF when the width
of stub B varies from 1 mm to 4 mm. To decrease the quality factor (Q) of
each stub and hence increase the bandwidth of rejection, the stub resonator
width was chosen to be 4 mm.
Figure 6.7 depicts the Insertion Loss (IL) when stub B is connected to the
main feedline in three different scenarios: 1) the stub is directly connected
to the feedline, 2) the stub is connected to the feedline using an ideal switch
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Figure 6.7: Simulated insertion loss of the filter when only stub resonator,
B, is connected to the main microstrip feedline using a switch,
while the switch is mimicked in simulations as: a) a strip of
copper metallisation with a width equals to the stub width,
b) strip of copper metallisation when the width is equal to the
real switch width (0.2 mm), and c) 4.7 Ω resistance in series
with a 0.15 nH inductor (i.e., the equivalent circuit of the ON
p-i-n diode switch).
with size of (0.35 mm× 0.2mm), and 3) using the electrical equivalent cir-
cuit of the ON state p-i-n diode. It was observed that the resonance of the
second scenario is shifted down in frequency compared to the first scenario,
the reason for that is due to the width of the switch being less than the
stub width and hence the the stub will act as a (Stepped Impedance Res-
onator) SIR [125], and a frequency shift will occur due to the capacitance
introduced by the microstrip discontinuity (e.g., step in width) between the
feedline and the resonator. It was also noticed in the third scenario that the
package inductance found in the equivalent circuit of the switch will again
shift down the resonance of the stub.
Table 6.4 shows the simulated resonances of stubs A,B,C,D when using
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Stub Length f0 3f0
A 2 mm 7.7 GHz –
B 6.6 mm 4.4 GHz –
C 1.6 mm 8.2 GHz –
D 13.1 mm 2.5 GHz 7.3 GHz
Table 6.4: Simulated BSF operation for the four stubs in the proposed
design
Figure 6.8: Simulated return and insertion losses of the proposed BPF in
Figure 6.5. All p-i-n diodes are switched ON.
the equivalent circuit of the diode in the ON state. It should be noted here
that the resonance value are obtained for each stub while the other three
stubs are not connected to the feedline. From Table 6.4, we can also notice
that these quarter wavelength stubs are resonating on their fundamental
frequency f0 and also on odd multiples of f0. The higher order resonances
of stubs A, B and C are outside the FCC ultra-wideband and therefore they
are not shown in Table 6.4. Having four stubs allows to have 15 different
filter combinations (i.e., 24 − 1, as there is one case in which all stubs are
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Figure 6.9: Effects of the vertical distance between the stubs (d) on inser-
tion loss of the proposed BPF.
OFF and thus no filter will be connected to the ultra-wideband antenna).
However, in this section, the filter case formed by combining all of the four
stubs is investigated.
Figure 6.8 shows the simulated return loss and insertion loss of the BPF
proposed in Figure 6.5, in which the stub resonators A,B,C,D are all con-
nected to the main feedline through p-i-n diodes. Frequency (f1) is at-
tributed to the first order resonance of stub D. Frequency (f2) is attributed
to the resonance of stub B. The slight differences between these values
and the resonance values found in Table 6.4 are due to the mutual coupling
effects among the stubs when they are all connected to the main feedline.
The resonance f3 occurs because of the combined effect of the closely spaced
resonances of stubs A, C and the second order resonance of stub D. The
simulated half power bandwidth (BW) of the filter is 1.75 GHz from fL ≈
4.55 GHz to fH ≈ 6.3 GHz. The minimum simulated insertion loss in the
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3-dB BW is IL ≈ 3.3 dB. This value is mainly attributed to the losses in the
ohmic resistances of the four p-i-n diodes switches ≈(2 dB) and the FR–4
substrate losses ≈(1 dB).
Since the insertion loss (IL) of the filter, which would be later inte-
grated in the ultra-wideband antenna, will adversely affect the Noise Figure
(NF) [126], it would be essential to reduce the insertion loss of the filter
to reduce the overall cascaded NF of the system. This can be achieved (in
future designs) by using low loss substrate material. Also, by dc-biasing
the diodes with higher currents, the ON resistances of the p-i-n diodes can
be reduced and the switches losses are minimised. Finally the effect of the
vertical distance variations between the stubs of the BPF is studied, the in-
sertion loss of the BPF is slightly affected when d is varied from 1.5 mm to
4.5 mm as shown in Figure 6.9 and in the proposed BPF design, an optimal
d = 2.5 mm was chosen.
The following simple guidelines are presented to design frequency reconfig-
urable antennas using resonators connected to the feedlines of microstrip-fed
ultra-wideband monopole antennas:
1) Pick the frequency at which the antenna should have notched opera-
tion, the electrical length of the stub should be ≈ λg4 .
2) Tune the length of the stub to account for the package inductance of
the switch.
3) Retune the stub length to account for the effect of the bias lines.
4) Stubs of different lengths can be connected to the main feedline in
parallel to notch multiple frequency bands, retuning the length of the
stubs is needed to account for the mutual coupling between the stubs.
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5) The superposition effect of the stubs resonators (e.g., multiple BSFs at
different bands) can also be combined to produce a Band Pass Filter
(BPF) at a specific frequency band.
6.4.2 Pattern Reconfiguration
Stubs E and F each have two p-i-n diodes switches, connected back to
back. When the stub length is equal to
λeff
2 , where λeff is the effective
wavelength calculated as described in [104], the stub will resonate at fre-
quency ≈ fo. In our proposed prototype, the stub length was chosen to be
21 mm which is approximately
λeff
2 at fo = 4.2 GHz. When switches (j, h)
are ON and (i, g) are OFF, the antenna is operating in Mode–III and the
whole length of stub (F ) will be connected to the ground plane and will act
as a reflector that will direct the radiation towards the (+x ) direction. This
is due to the surface currents on the stub and the nearby disk edge being
in opposite directions and their phase relationship results in concentrating
radiation away from the reflector, similar to the principle of operation of a
Yagi-Uda antenna. When both switches (i, g) are ON, and (j, h) are OFF,
the antenna will be operating in Mode–II and stub (E) will act as a reflector
that will direct the radiation towards the (-x ) direction. When (i, g, j, h) are
OFF, the stubs are short enough to be almost transparent to the incident
or radiated waves at fo and the conventional ultra-wideband operation is
achieved.
To better illustrate the concept of pattern reconfiguration, the surface
current distribution was studied. The simulated average surface current dis-
tributions at fo when the antenna is working in the omni-directional and in
the directional mode are illustrated in Figure 6.10(a) and 6.10(b), respec-
tively. It can be noticed from Figure 6.10(a) that at the end of the feeding
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Figure 6.10: Contour plots of simulated average surface current distribu-
tions at fo , when the antenna is operating in: a) Omni-
directional-mode, b) Directional-mode.
line, the current splits, on the disk and on the upper edge of the ground
plane, into two equal streams and the surface current distribution is even
and symmetrical about the y-axis. The current is primarily concentrated
around the periphery of the disk and the upper edge of the ground plane,
while there is little current within the interior of the disk and almost a null
at the the top edge of the disk. Additionally, the antenna can be viewed
as a planar slot bow-tie antenna, as both the circular disk and the upper
edge of the finite ground plane form two slots that equally contribute to
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the total radiation. Furthermore, it can be noticed that the two splitted
arc-shaped stubs are non-resonating and thus transparent to the radiated
or intercepted electromagnetic waves. The symmetry of the surface currents
will lead to omni-directional xz−plane (H-plane) patterns similar to those
obtained in [68].
In Figure 6.10(b), when one of the stubs is activated by turning on the
corresponding switches, the surface current distribution on the disk and on
the ground plane are no longer symmetrical about the the y-axis. The cur-
rents on the activated stub and on the nearby disk edge are in opposite
directions and their phase relationship results in reducing radiation behind
the stub which is acting like a reflector. Moreover, if we look at the antenna
as a two slots bow-tie antenna, we can see that the slot facing the activated
stub has much less current than the other slot facing the non-activated stub.
From the two slots, there is an unequal contribution to the total radiation
and directional patterns are produced in the H-plane.
We are proposing the following simple guidelines to design a pattern re-
configurable antenna by using stubs connected to the partial ground plane of
a microstrip or coplanar-waveguide (CPW) planar ultra wideband monopoles:
1) Pick the frequency fo at which the antenna is functioning as a pattern
reconfigurable antenna. The electrical length of the reflector stub
should be
λeff
2 at fo.
2) The stub location should be located at least
λeff
4 from the ultra-
wideband main radiator (the circular patch in this study).
3) A switch should be used to connect the reflector stub to the ground
to operate into the directional mode.
4) In the omni-directional mode, the stub should not be connected to
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ground. Moreover, it would be essential to kill the resonance of the
stub by turning off an extra switch located in the middle of stub, so
the stub will be short enough to be almost transparent to incident or
transmitted electromagnetic waves at fo.
5) An additional reflector stub can be incorporated on the other side
of the main radiator, to obtain the mirror image of the directional
patterns in the H-plane.
6.4.3 Polarisation Reconfiguration
To excite circular polarisation radiation, two conditions have to be met:
Firstly, the amplitudes of two near-degenerated electric field vectors (EV , EH)
must be equal; secondly, the phase difference (PD) between the two electric
field vectors should be ±90◦.
It is very difficult for a conventional monopole antenna to excite CP. This
can be illustrated in Figures 6.11(a) and 6.11(c) which show the average x–
directed and y–directed surface current distributions on the circular patch of
the ultra-wideband monopole, respectively. As there is no slit, the monopole
is symmetrical about the y–axis and the x-directed current distributions are
180◦ out of phase. Therefore, the radiation in the far field in the horizontal
direction is weak because the horizontal current components tend to cancel
each other and there will be a dominant strong vertical current component
leading to a vertical linear polarisation (LP) radiation. Practically, due to
some weak horizontal component, elliptical polarisation (EP) is usually gen-
erated by planar ultra-wideband monopole antennas.
To achieve CP radiation, introducing asymmetry in the circular patch
tends to increase the horizontal current component. This is the same con-
cept used in the previous chapter when asymmetry was introduced in the
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Figure 6.11: Contour plots of simulated average surface current excited
at fo: a) x–directed current with no slit in the radiator, b)
x–directed current with a slit in the radiator, c) y–directed
current with no slit in the radiator, d)y–directed current with
a slit in the radiator
square patch of the polarisation reconfigurable ultra-wideband antenna.
Figure 6.11(b) show the average x–directed surface current distributions
on the circular patch of the ultra-wideband monopole with a slit in its right
corner, while Figure 6.11(d) shows the y–directed surface current on the
radiator. The length of the slit is tuned to perturb the surface current
by lengthening the current path in the x–direction, thereby exciting two
near degenerate orthogonal modes with the same amplitude. It was found
that when the slit length is equal to ≈ λeff4 at fo, the slit will resonate
at frequency ≈ fo and approximately −90◦ phase shift occurs between the
current components (e.g., vertical component lags the horizontal one), if
the slit is at the right bottom corner of the circular patch and LHCP is
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achieved. On the other hand, if the slit is located at the left bottom corner
of the circular patch, 90◦ phase shift occurs (e.g., vertical component leads
the horizontal one) and RHCP is achieved. Since the two main conditions
for CP radiation are met, the antenna can be successfully reconfigured to
work as a CP antenna at fo. The location of the slit was also studied in
parametric simulations to observe the effect on the axial ratio value in the
broadside direction. It was found that when the slit is moved towards the
centre of the disk while keeping the slit length constant, fo, at which the
axial ratio is less than 3 dB, will shift up. fo will also shift down if the slit
is moved away from the centre of the disk. In the proposed design, the slit
length is chosen to be 9.5 mm, which is ≈ λeff4 at fo = 4.8 GHz and the slit
is located 5.5 mm from the centre of the disk.
The author proposes the following simple guidelines to design an LP–
RHCP–LHCP polarisation reconfigurable antenna by etching slits in the
main radiator of ultra-wideband monopole antennas:
1) Pick the frequency (fo) at which the antenna should have CP opera-
tion. The electrical length of the etched slit should be ≈ λeff4 .
2) For RHCP radiation in the broadside, the slit should be located on
the left bottom corner of the radiator and for LHCP the slit should
be on the opposite corner.
3) A switch should be used to short the slit so that the antenna can
operate into the original LP mode.
4) Retune the slit length and location to account for the effects of the
switch equivalent circuit and the bias lines, until the axial-ratio (AR)
at fo is less than 3 dB.
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5) Two switches can also be incorporated in one slit to control the length
of the slit and hence obtain CP radiation at two different frequency
bands (e.g., dual band CP operation).
6.5 Proposed Antenna Performance Analysis
6.5.1 Frequency Reconfiguration
The return loss measurements are performed using Agilent N5230C PNA-L
microwave network analyser. A dc-block SMA connector [105] was con-
nected to the coaxial measurement cable and the calibration was done with
an Agilent-N4696B ECal module. Figure 6.12 shows the simulated and
measured return losses when the proposed antenna is operating in different
modes. The measured bandwidths with return loss better than 9.5 dB, are
2.6–11 GHz, 4.39–5.85 GHz for the ultra-wideband mode and Band–1 op-
eration, respectively.
The differences between the simulated and measured return loss results
are attributed to the fabrication tolerances and the approximate boundary
conditions in the computational domain. Furthermore, the non-exact mod-
elling of the biasing network including the external dc wires coming from
power supply, the parasitic effects of the p-i-n diodes and the difficulties in
numerically modelling all relevant aspects of the real p-i-n diodes charac-
teristics introduce slight uncertainties in the observed results.
The radiation patterns were measured in an anechoic chamber at Queen
Mary University of London. The dc power supply was mounted under the
turn table and was covered by microwave absorbers. It was noted that cov-
ering the antenna’s SMA connector with a piece of absorber would reduce
the ripples in the radiation patterns. Although the bias lines are RF choked,
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Figure 6.12: Simulated and measured return loss curves when the pro-
posed antenna is operating in the ultra-wideband mode and
in Band–I.
they are also shielded with aluminium foil to prevent them from picking up
noise and to reduce their spurious radiation. The simulated and measured
radiation patterns in the xz (H–plane) and yz (E–Plane) planes at 3, 5 and
7 GHz are illustrated in Figure 6.13 and they are typical for ultra-wideband
monopoles as in [68, 104]. The realised gain was measured in the anechoic
chamber using the Gain-Transfer method in the far field [71]. The measured
realised peak gains in the xz plane at 3, 5 and 7 GHz are 1.0, 1.4 and 1.5
dBi respectively.
The numerically calculated total efficiency when the antenna is operating
in the ultra-wideband mode is ηt > 65% for the whole operating frequency
range. The simulated and measured radiation patterns when the antenna
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is reconfigured at Band–I at 5 GHz are also shown in Figure 6.14. The
measured peak realised gain in the xz plane at 5 GHz in Band-I operation
is -0.6 dBi and the total numerically calculated efficiency is ηt = 55%. The
decrease in the efficiency and gain is mainly attributed to the losses of six
ON p-i-n diodes and their associated bias network.
6.5.2 Pattern Reconfiguration
Figure 6.15 shows the simulated and measured return losses when the pro-
posed antenna is operating in Mode–II and Mode–III. It should be noted
that Mode–I (in Table 6.2 and 6.3) is an alias for the ultra-wideband mode
and thus not shown in Figure 6.15. The simulated return loss of Mode–II
and Mode–III are identical since the antenna is almost geometrically sym-
metrical with respect to the input microstrip feedline. However, the mea-
sured results are slightly different due to the tolerances in the real diodes
and the lumped components. In addition, the soldering of the diodes and
the lumped components can not be exactly identical, therefore this could
have affected the symmetrical properties of the prototype.
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Figure 6.13: Simulated (black curves) and measured (grey curves) nor-
malised radiation patterns in the H-plane (xz) and E-plane
(yz) when the antenna is operating in the ultra-wideband
mode at: a) 3 GHz, b) 5 GHz, and c) 7 GHz. Solid lines are
for the (co-polar) component and dashed lines represent the
(cross-polar) component.
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Figure 6.14: Simulated (black curves) and measured (grey curves) nor-
malised radiation patterns when the antenna is operating in
Band-I at 5 GHz: a) H-plane (xz), b) E-plane (yz). Solid lines
are for the (co-polar) component and dashed lines represent
the (cross-polar) component.
The measured bandwidths with return loss better than 9.5 dB, are 2.03–
11 GHz, 1.96–11 GHz for Mode–II and Mode–III, respectively. The band-
width from 3 to 5.5 GHz is considered to be the frequency range over which
the antenna radiation patterns are reconfigured; this is because at these fre-
quencies in Mode–II and Mode–III, the measured gain ratio between the +x
and the −x directions is better than 8 dB compared to the omni-directional
Mode–I.
The simulated and measured normalised radiation patterns in the H-
plane (xz-plane), when the antenna is operating in Mode–II and Mode–III
are depicted in Figure 6.16 for different frequencies. Mode–I radiation pat-
terns are the same as in Figure 6.13 and in Mode–II and Mode–III, the
H–plane beams are concentrated along the −x and +x direction, respec-
tively. For the sake of brevity, the normalised co-polar E-plane patterns
(yz-plane) are not shown here as they do not significantly change when the
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Figure 6.15: Simulated and measured return loss curves when the pro-
posed antenna is operating in Mode–II and Mode–III.
antenna switches operation between Mode–I, Mode–II and Mode–III.
When the antenna is working in Mode–II, the peak realised gains in the
xz-plane at 3 GHz and 5 GHz are 0.5 dBi, 2 dBi, respectively. In Mode–III,
the peak realised gains in the xz-plane at 3 GHz and 5 GHz are 0.4 dBi, 1.8
dBi, respectively. The F/B ratios (e.g., gain ratios between the +x and the
−x directions) in Mode–II and Mode–III are 10 dB at 3 GHz and 12 dB at
5 GHz.
6.5.3 Polarisation Reconfiguration
The simulated and measured return losses when the proposed antenna is
operating in the LHCP and RHCP modes are shown in Figure 6.17. It
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Figure 6.16: Simulated (black curves) and measured (grey curves) nor-
malised radiation patterns in the H-plane when the antenna
is operating in: a) Mode–II at 3 GHz, b) Mode–III at 3 Ghz,
c) Mode–II at 5 GHz and d) Mode–III at 5 GHz. Solid lines
are for the (co-polar) component and dashed lines represent
the (cross-polar) component.
should be noted that LP mode (in Table 6.2 and 6.3) is an alias for the
ultra-wideband mode and thus not shown in Figure 6.17. The simulated
return loss of LHCP and RHCP are identical since the antenna is almost
geometrically symmetrical with respect to the input microstrip feedline.
The measured bandwidth with return loss better than 9.5 dB is 2.2–11 GHz
for both the LHCP mode and RHCP modes.
The simulated and measured radiation patterns of the antenna when it
is operating in the LHCP and RHCP modes at 4.8 GHz are depicted in
Figure 6.18. The measured patterns follow the simulated ones and it can be
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Figure 6.17: Simulated and measured return loss curves when the pro-
posed antenna is operating in the LHCP and RHCP modes.
noticed that the antenna radiates RHCP or LHCP in the upper half-plane
(z > 0) direction and the opposite sense in the lower half-plane (z < 0)
direction, a known trait of CP planar monopoles as explained before in the
previous chapter. The measured realised broadside gains at 4.8 GHz are 1.8
dBic and 1.7 dBic in the LHCP and RHCP sates, respectively.
Figure 6.19 depicts the measured axial ratio (AR) at broadside direc-
tion (e.g., (θ, φ) = (0◦, 0◦)), when the proposed antenna is operating in the
LHCP, RHCP and LP states. To measure the axial ratio of the proposed
antenna, the received phase and amplitude are measured across the two
principle planes with a diagonal dual linear polarised transmitting horn an-
tenna connected to an Agilent 8720ES VNA. After obtaining two measured
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Figure 6.18: Simulated (black curves) and measured (grey curves) nor-
malised radiation patterns for the H-plane (xz) and E-plane
(yz) at 4.8 GHz when the antenna is operating in: a) LHCP
mode, b)RHCP mode. Solid lines are for the LHCP compo-
nents and dashed lines represent the RHCP components.
sets of data across each plane, the data are post-processed to reconstruct
the RHCP and LHCP components of the CP radiation pattern across the
two plane cuts as shown in Figure 6.18. It is clear from Figure 6.19 that
when the antenna is reconfigured in LHCP, the antenna exhibits a measured
3 dB AR fractional bandwidth of 4.2% (from 4.7 to 4.9 GHz).
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Figure 6.19: Measured axial ratio at broadside when the antenna is re-
configured in the LP and LHCP/RHCP modes.
6.6 Summary
A novel planar design for a compact frequency, pattern and polarisation re-
configurable ultra-wideband antenna is presented. The antenna is frequency
reconfigurable to limit the impact of out-of-band interferers. Moreover, it
provides basic pattern reconfiguration to enhance the scanning or the com-
munication performance in cognitive radio operation by sensing interfer-
ers in the space domain and achieving pattern diversity to mitigate fading
and increase signal-to-noise ratio (SNR). Another feature of the proposed
antenna is that its polarisation is reconfigurable at specific frequencies to
generate circular polarised (CP) radiation; this can improve the signal re-
ception in multipath fading environments regardless of the orientation of
the portable cognitive radio devices.
Clear design guidelines for the three reconfiguration cases have been in-
troduced, allowing antenna engineers and researchers to apply the proposed
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design to other frequency bands or applications. When the antenna is fre-
quency reconfigured, the antenna can switch operation from ultra-wideband
mode (2.6–11 GHz) which can be used in CR spectrum sensing, to Band–I
(4.39–5.85 GHz) which can be used in CR communication. When the an-
tenna is pattern reconfigured, the radiation patterns change from a nearly
omni-directional (Mode–I) to two opposite directional patterns (Mode–II
and III). This can assist CR systems through spatial rather than frequency
means. A wide measured fractional bandwidth of 58.8% from 3 to 5.5 GHz
is achieved for reconfigurable patterns with a measured return loss better
than 9.5 dB. Finally, when the antenna is polarisation reconfigured at 4.8
GHz, the antenna can switch radiation from from LP to LHCP/RHCP.
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7 Conclusions and Future Work
7.1 Conclusions
Cognitive Radio architectures and future smart wireless applications are
exploring the application of different types of reconfigurable antenna to
enhance performance and also to enable the transition to more efficient
and intelligent radio front-ends. The work in this thesis has introduced
some novel frequency, pattern and polarisation reconfigurable antennas for
integration in Cognitive radio and future wireless front-ends.
A novel single element reconfigurable ultra-wideband circular disk monopole
antenna design was presented. The antenna was simply reconfigured by em-
ploying stub tuners to support multiple narrowband frequency ranges. The
antenna return loss, radiation patterns and gain were simulated and mea-
sured. Using stubs to reconfigure the antenna did not affect the original
radiation patterns of the ultra-wideband antenna. The modified wheeler
cap method was used to measure the radiation and total efficiency of the
antenna. The total efficiency was good in the reconfigured bands, and it
was poor in the out of band frequencies which emphasises the filtering role
of the reconfiguration process.
A prototype was manufactured for one case of reconfiguration (2.4 GHz)
and two p-i-n diodes were soldered onto the board with dc biasing. The
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p-i-n diodes used in the prototype have plastic packages with high parasitic
package inductance and capacitance that limit the operation of the p-i-n
diodes in both the ON and OFF cases, especially at high frequencies.
To overcome most of the difficulties encountered in using p-i-n diodes to
frequency reconfigure ultra-wideband antennas, GaAs ultra-wideband tran-
sistors were used instead of p-i-n diodes. These switches proved not to
complicate the design by simplifying the biasing circuits and they did not
affect the antenna’s radiation patterns or severely degrade the efficiency
and gain. On top of that, they exhibit very low power consumption (in
the µW range) which makes them attractive in reconfiguring antennas used
in portable wireless communication devices. A further design for a recon-
figurable compact ultra wideband (TSA) antenna has been presented. The
TSA with dimensions of (16 mm×27 mm) was frequency-reconfigured using
microstrip variable length stub placed on the back side to achieve multi-band
operation. In addition, this stub can be used as a resonator to notch the
operation of the ultra-wideband mode at a specific frequency, this will add
high degree of flexibility in the antenna operation as the reconfigurable TSA
can work in three modes; namely, ultra-wideband mode, multi band mode
and ultra-wideband notched mode.
A novel compact ultra-wideband microstrip monopole antenna with re-
configurable pattern capability has been designed. The antenna’s radiation
patterns can be shaped to concentrate energy in specific directions while
minimising the gain in other unwanted directions, without significantly af-
fecting the impedance bandwidth of the antenna. The designed antenna is
highly recommended for providing future smart radio front-end with spa-
tial flexibility by adding the benefits of pattern diversity and interference
mitigation. Since most microstrip ultra-wideband monopole antennas are
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linearly polarised, an attempt has been made to design microstrip ultra-
wideband antenna that can radiate CP with a wide 3-dB axial-ratio frac-
tional bandwidth. A measured 3-dB axial ratio fractional bandwidth of 59
% was achieved. Moreover, the ability to reconfigure the polarisation of the
antenna to switch between RHCP and LHCP radiation was demonstrated.
Another enhanced design was presented that allowed tuning the CP band-
width to occur at different frequency bands, this will add more flexibility
by allowing the reconfigured antenna to switch between LP and RHCP or
LHCP at different frequency bands.
Finally, an attempt has been successfully made to combine the three
categories of reconfigurable antennas; namely frequency, pattern and polar-
isation in one single and compact antenna design, that meets the growing
demand of future wireless devices for more intelligent and multi-functional
antennas.
In the previous chapters, some discussion and suggestions have been made
on how to deploy the previously designed reconfigurable ultra-wideband an-
tennas in a CR system and the author has also mentioned some of the ben-
efits from these possible deployments, these suggestions can be summarised
as bellow:
• Ultra-wideband operation is used for spectrum sensing in the fre-
quency domain.
• Ultra-wideband operation can also be used in communication but at
reduced range and power.
• Reconfigured frequency bands can be use in communication between
CR devices.
• Ultra-wideband operation with a notched mode can limit the effect of
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a specific strong interferer in the sensing or communication operation.
• Reconfigured radiation pattern capability allow sensing interferers in
the space domain and then Cognitive Radio devices can communi-
cate with nulls or reduced gain patterns steered to the interference
directions.
• CP operation can increase CR device signal reception in harsh envi-
ronments. Moreover, polarisation reconfiguration from RHCP/LHCP
can add polarisation diversity benefits in CR systems.
7.2 Key Contributions
The major contributions of this work are summarised as follows:
• A frequency reconfigurable compact ultra-wideband antenna using
GaAs switches. The antenna can switch operation from an ultra-
wideband mode to three distinct frequency sub-bands.
• A compact ultra-wideband antenna with reconfigurable patterns. A
fully functional prototype has been developed and tested. The radia-
tion patterns can be reconfigured from a nearly omnidirectional to two
opposite end-fire patterns with wide measured fractional bandwidth
of 66% from 3 to 6 GHz.
• Two novel compact ultra-wideband microstrip monopole antennas with
reconfigurable polarisation capabilities. The first antenna can be switched
from linear polarisation to right hand circularly polarisation or left
hand circular polarisation with a measured 3 dB axial-ratio (AR) frac-
tional bandwidth of 59.5 % from 5.9 to 10.9 GHz. In the second an-
tenna, the CP bandwidth can be changed at different frequency bands.
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The experimental fractional bandwidths of the 3-dB axial ratio are 37
% from (5.8 to 8.4 GHz) for Band I and 21 % from (4.7 to 5.8 GHz)
for Band II.
• A novel design in which the three categories of reconfigurable anten-
nas; namely frequency, pattern and polarisation are combined in a
single and compact reconfigurable antenna.
7.3 Future Work
Based on the conclusions drawn of the work presented in the previous chap-
ters, the following issues could provide potential progress to the work intro-
duced in this thesis:
Antenna Element Design
• The reconfigurable antenna element designs presented in this thesis
can be enhanced by using MEMS switches instead of p-i-n diodes,
this is due to the low losses they introduce in the antenna and to their
inherent low dc power consumption and good linearity. Also, the use
of optical switches can be investigated.
• The possibility of designing the proposed reconfigurable antennas us-
ing cheap organic substrates such as paper by using low-cost fabrica-
tion methods (e.g, ink-jet printing) can also be investigated.
• The bias lines form an integral part of the design of reconfigurable an-
tennas. As metal bias lines can alter the performance of reconfigurable
antennas, the use of resistive adhesive bias lines can be a practical and
cost-effective solution [127].
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• The antenna designed in Chapter 6, in which the three categories of
reconfiguration are combined, can be further enhanced by having some
reconfigurable band notching capabilities. This can be easily done by
embedding slots (controlled by switches) in the middle of the circular
radiator.
Reconfiguration Control and Integration with Software Defined-
Radio
• The process of controlling the voltage/ current states of the switches
in the designed reconfigurable antennas in the previous chapters, has
been done manually and for future designs, a control board with a
µ-controller or an FPGA would make the switching easier and more
practical.
• System integration of reconfigurable antennas and Cognitive Radio
can be investigated. Universal Software Radio Peripheral (USRP2)
devices [128] can help deploying the designed reconfigurable antennas
in a real time Cognitive Radio test-bed.
The Move Towards Reconfigurable Antenna Arrays
• A Conventional array has a fixed element factor and by controlling
the array factor, the properties of the array can change. Nevertheless,
significant additional degree of freedom is achieved if the previously
designed reconfigurable single-element antennas are arranged in an
array. Reconfigurable arrays can enhance the performance of future
wireless networks at fraction of the cost of using complex phased ar-
rays.
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